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Zusammenfassung 
Pflanzenwachstum und Entwicklung beeinflusst die landwirtschaftliche 
Produktion direkt. Beides, Entwicklung und Wachstum, ist abhängig von Zellteilung und 
Zellexpansion. Die Zellwand, die natürliche Barriere der Zelle, und Zellexpansion und 
Zellteilung sind direkt miteinander verknüpft. Die Zellwand besteht hauptsächlich aus 
Zellulose und Querverbindungen aus anderen Polysacchariden, deren Häufigkeit und 
Konformation beeinflussen die mechanischen Parameter der Zellwand, wie Elastizität 
oder Steifigkeit, und regulieren so die Zellexpansion. Während dem Wachstum einer 
Zelle müssen die Eigenschaften der Zellwand laufend angepasst werden, so dass die 
Zellexpansion nicht die Integrität der Zelle beeinträchtigt. Aus diesem Grund 
überwachen Rezeptoren in der Plasmamembran die Eigenschaften der Zellwand und 
übersetzen extrazelluläre Signale in Intrazelluläre Signalkaskaden, indem der 
Zellwandintegritäts-Signalweg (CWI) aktiviert wird, um die Regulierung der 
Zusammensetzung der Zellwand anzupassen. 
Der pH-Wert ist ein Parameter, der die polymerische Struktur der Zellwand 
beeinflusst wie in der Acid Growth Theory (AGT) beschrieben wurde. Durch die 
Steigerung des Turgordruckes, führt Zellwandversauerung zu verstärkter 
Zellelongation. Obwohl die Mehrheit der wissenschaftlichen Gemeinde die AGT 
akzeptiert, wird sie immer noch kontrovers diskutiert; mehrere sich widersprechende 
Studien wurden publiziert und es gibt noch keine Evidenz für die allgemeine 
Anwendbarkeit der AGT. Das Hauptziel dieser Arbeit war die Validierung der AGT in 
verschiedenen experimentellen Systemen, wie Pollenschläuche von Arabidopsis thaliana 
und Wurzelzellen von Brachypodium dystachion. 
In einem ersten Ansatz wurde Arabidopsis Pollen als Modellsystem genutzt, als 
tubuläre Strukturen eignen sich Pollenschläuche sehr gut, um Zellelongation auf der 
Ebene einer einzelnen Zelle zu untersuchen. Während diesem Projekt konnten wir 
aufzeigen, dass Rapid Alkalinisation Factors (RALF) Peptide mit Leucine Rich Repeat 
Extensine (LRX) Proteinen interagieren, LRX Proteine sind Zellwand-Glykoproteine. 
LRX-Proteine wurden als strukturelle Proteine beschrieben, aber wir konnten aufzeigen, 
dass sie, durch die Interaktion mit RALF-Peptiden, eine wichtige Rolle spielen für die 
Kontrolle der Zellwandintegrität. Ausserdem konnten wir durch eine Analyse der 
Protein Kristallisation demonstrieren, dass die Interaktion zwischen LRX und RALF eine 
pH-abhängige Interaktion ist; unter sauren Bedingungen, ist die Affinität der 
Bindungspartner, wegen eines spezifischen Faltstatus des RALF-Peptides höher. 
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In einem weiteren Ansatz wollten wir die AGT durch das Studium der 
Zellexpansion in Brachypodium-Wurzelzellen validieren. Die Zellexpansion in einer 
Mutante, die einen höheren Auxinspiegel und somit auch eine höhere Ansäuerung der 
Zellwand aufweist, Bdtar21, wurde analysiert, indem mit einem mikro-robotik-System 
die mechanischen Eigenschaften wachsender Pflanzenzellen charakterisiert wurden. Wir 
konnten demonstrieren, dass eine Reduktion des pH-Wertes einen direkten Einfluss hat 
auf die Elastizität und die Steifigkeit der Zellwand hat, und somit die AGT unterstützen. 
Durch das Studium zweier Modellorganismen, Arabidopsis thaliana und 
Brachypodium dystachion, konnte ich aufzeigen, dass zumindest einige wichtige 
Interaktion zwischen Proteinen des Zellintegrität Signalwegs vom pH-Wert abhängig 
sind, der PH-Wird spielt deshalb eine wichtige Rolle für Zellelongation und Wachstum, 
dies stützt die AGT. 
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Abstract 
Plant growth and development depends on cell division and expansion and has a 
direct impact on agricultural production. Thus, cells division and expansion are strictly 
connected with the cell wall, which forms a natural barrier. It consists mainly of cellulose 
and crosslinking polysaccharides whose abundance and conformation modulate 
mechanical parameters, such as stiffness and elasticity, and thus regulate cell expansion. 
During cell growth, cell wall properties have to be adjusted, assuring cell expansion 
without compromising cell integrity. Thus, plasma membrane-located receptors sense 
cell wall properties, transducing extracellular signals into intracellular cascades through 
the cell wall integrity (CWI) pathway that, in turn, leads to adjustments in the regulation 
and composition of the cell wall. 
One parameter that has been shown to modify the polymeric structure of the cell 
wall is pH, as was described in the Acid Growth Theory (AGT). Cell wall acidification 
results into cell elongation due to an increase of the turgor pressure. Despite being 
accepted by the majority of the scientific community, the AGT is still controversial 
because of several contradicting studies published, and a proof for its universal 
applicability is still missing. Therefore, the main objective of this thesis has been to 
validate the AGT in different experimental systems such as Arabidopsis thaliana pollen 
tubes and Brachypodium distachyon root cells. 
In a first approach, Arabidopsis pollen tubes have been used as model system, being 
a tubular structure very suitable for studying cell elongation at the single cell level. 
During this project, we could highlight interactions of Rapid ALkalinisation Factors 
(RALF) peptides, already known as actors of the CWI pathway, with Leucine Rich repeat 
eXtensine (LRX) proteins, a cell wall glycoprotein. So far, LRX proteins were described as 
having structural functions, but we found that they play an important signalling role 
during the control of CWI, though the interaction with RALF peptides. Moreover, we 
demonstrated that LRX-RALF interaction is pH-dependent, having a higher binding 
affinity under acidic pH, due a specific folding state of RALF, by protein crystallisation 
analyses. 
The second approach we used to validate the AGT was to study cell expansion in 
Brachypodium root cells. Analysis of cell expansion in a mutant, Bdtar2l, exhibiting a 
higher auxin level and therefore a higher acidification of the cell wall, was performed. 
Using a micro-robotic system able to mechanically characterise growing plant cells, we 
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could demonstrate that a reduction in pH has a direct impact on the cell wall elasticity 
and stiffness, supporting the principle of the AGT. 
Thus, during my doctoral studies, using two plant model organisms, Arabidopsis 
and Brachypodium, I was able to show that at least some important interactions between 
CWI signalling pathway proteins depend on a pH in the cell wall, which therefore plays 
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1 Chapter 1 - INTRODUCTION 
1.1 The Importance of the Elongation 
One of the major concerns of plant biology is the better understanding of plant 
growth and cell morphogenesis mechanisms. In agriculture, these processes are crucial 
for efficient plant development during the growing season, resulting in higher plant 
biomass, which is essential for food production (Jones et al., 2015), for the textile industry 
(Popp et al., 2014) and more recently for the bioenergy production (Carlsson et al., 2011). 
Thus, a better understanding of plant growth and cell elongation, does not only impact 
the field of plant science but also benefits the entire society. 
Right after seed germination, plants grow through cells division followed by cell 
expansion. The rapid cell expansion provides a fast lengthening of axial organs (Mac-
Leod and Thompson, 1979; Obroucheva et al., 1995) and is required in early germination 
for the survival of the young seedlings. 
Plant cell expansion displays a regulated balance between flexibility and structural 
integrity of the cell, which is mainly controlled by the cell wall (Cosgrove, 2015). The plant 
cell wall is a complex interconnected polymer network composed by large 
polysaccharides and cell wall proteins (for details see section 1.1.2). It surrounds and 
restrains the cell, allowing to build up an internal pressure due to the osmotic potential 
difference between inside and outside of the cell, called the turgor pressure. The interplay 
between cell wall and turgor pressure provides a mechanical rigidity and stability to the 
plant cells. Despite this rigidity, the cells must be able to expand during their 
development to form desired plant morphologies and sizes. Thus, when a cell grows, its 
wall stretches irreversibly as the cell enlarges due to the selective spatially localized cell 
wall loosening, the increase of the internal turgor pressure due to a higher osmotic water 
influx, and the integration of new cell wall material (Farrokhi et al., 2006; Smith et al., 1998). 
These growth mechanisms have been observed in most of the cells exhibiting this 
rigid cell barrier, both in prokaryotes and in eukaryotes such as fungi and plants. 
Conversely, animal cells that do not have cell walls, rely on a cortical, contractile 
cytoskeleton, which is a complex, dynamic network of protein filaments and 
microtubules present in the cytoplasm, to control their mechanical properties and shapes 
(Durand-Smet et al., 2014). This cytoskeleton provides mechanical resistance to 
deformation, induces shape changes during movement and is involved in the 
intracellular transport of vesicles and organelles. It is important to note that plant cells 
also possess a cytoskeleton that can indirectly control the structure and mechanical 
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properties of the cell wall (Baskin, 2001; Kost and Chua, 2002; Paredez et al., 2006). 
However, its entire role within the plant cell dynamics needs further investigation. 
Therefore, the cell wall remains the principal barrier that controls plant cell elongation 
and makes the difference between an amazingly rapid cell expansion and a deadly cell 
explosion. 
1.1.1 The Cell Wall 
The cell wall fulfils very versatile tasks while being the principal barrier to protect 
the plant from physical damage and against plant viruses or other pathogens 
(Bellincampi et al., 2014; Underwood, 2012). The cell wall provides with both strength and 
flexibility to the cell (Cosgrove, 2015). It withstands the turgor pressure, allowing the plant 
to remain rigid and erect preventing water loss to control the direction of cell growth 
(Gigli-Bisceglia et al., 2019; Le Gall et al., 2015; Moore et al., 2008). Furthermore, the cell wall 
is permeable. Its porosity allows some small substances, like sucrose for example, to pass 
into the cell while keeping macromolecules, such as large proteins out. This phenomenon 
is mainly related with the cell wall components, which play a important role in all the 
different functions (Liu et al., 2019; Read and Bacic, 1996). 
The cell wall is mainly composed of large polysaccharide molecules, such as 
cellulose, hemicelluloses and pectins (Cosgrove, 2005; Wolf-Dieter, 1998) (Fig. 1.1). 
Cellulose is a mostly unbranched (1,4)-linked β-D-glucan which is synthesised at the 
plasma membrane. Many of these cellulose molecules are arranged in a parallel manner 
but not evenly separated, as commonly depicted (Zhang et al., 2014). Indeed, recent 
publications demonstrated that cellulose molecules make close contact with each other, 
forming junctions or bundles together with hemicelluloses, contributing substantially to 
the mechanical strength of the cell wall (Zhang et al., 2014; Zhao et al., 2014). Two main 
hemicelluloses appear to crosslink cellulose microfibrils: xyloglucan and arabinoxylan. 
Xyloglucan is the most abundant hemicellulosic polysaccharide in the primary cell wall. 
It has a backbone which is similar to the one of cellulose, where 3 out of 4 glucose residues 
are substituted by xylose. Thus, it is found to be the principal hemicellulose forming 
junctions with cellulose to maintain the mechanical stability (Park and Cosgrove, 2015, 
2012). On the other hand, arabinoxylan consists of a (1,4)-linked β-D-xylan backbone 
decorated with arabinose branches. Although, like Xyloglucan, it is very similar to 
cellulose, both hemicelluloses are unable to form microfibrils by themselves. 
Hemicelluloses are synthesised in the Golgi apparatus, and like pectins, are transported 
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to the cell wall surface by vesicles for providing stability, strength and resistance for 
pathogen enzymatic attacks, like cellulases (Adani et al., 2011). Pectins are a 
heterogeneous group of polysaccharides with distinctive domains thought to be 
covalently linked with each other, but the nature of the crosslink has not been determined 
yet (Ridley et al., 2001; Vincken et al., 2003). Pectins are mainly divided into 
rhamnogalacturonan I, homogalacturonan and xylogalacturonan. The latter two exhibit 
carboxyl groups that are often found methyl-esterified, which is a structural modification 
that prevents these pectins from linking with each other and thus from forming gels 
(Willats et al., 2001). Arabinans and arabinogalactans are two neutral pectins also found 
in the cell wall. They have been proposed to promote cell wall flexibility by binding to 
cellulose (Lin et al., 2015). Thus, in general, pectins function as a “glue” that holds the cell 
wall together and contribute to cell wall stiffness depending on the degree of methyl-
esterification (Cosgrove, 2015; Parre and Geitmann, 2005). 
 
Fig. 1.1: A schematic overview of plant’s cell wall. Plant cells are surrounded by a strong 
polysaccharide-rich cell wall where cellulose hemicelluloses and pectins are the main 
components of the cell wall. Expansins (EXPs) and hydrolases (XTHs) can be also 
represented in this image. (Reprinted from (Lampugnani et al., 2018)). 
Even though these polysaccharides contribute about 90-95% of the material, the 
cell wall also contains a wide range of proteins that modify its mechanical properties and 
permeability (Albenne et al., 2013), for example carbohydrate esterases (Nakamura et al., 
2017), polysaccharide lyases (Linhardt et al., 1987) and expansins that act on the 
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carbohydrates (McQueen-Mason et al., 1992). Another category of cell wall proteins, the 
oxido-reductases, mainly peroxidases, are essential to counterbalance many oxidation 
reactions occurring in the extracellular matrix that modify polymer networks involving 
carbohydrates and/or aromatic compounds (Passardi et al., 2004). In addition, structural 
proteins like glycine-rich proteins, proline-rich proteins and hydroxyproline-rich 
glycoproteins, also called extensins, are present in the cell wall (Albenne et al., 2014). This 
group of proteins is characterised by Ser-Pro2–n repeats (Borassi et al., 2015; Showalter et 
al., 2016). Intra- and intermolecular linkages formed by oxidative crosslinking of tyrosine 
in the context of a Tyr-X-Tyr sequence result in the formation of isodityrosines, di-
isodityrosines, or pulcherosines (Brady et al., 1996; Fry, 1982; Holst and Varner, 1984; 
Showalter et al., 2016), which further strengthen the extensin structure. Extensin gene 
expression is induced or up-regulated in tissues under tensile stress (Shirsat et al., 1996), 
strong mechanical pressure (Keller and Lamb, 1989), upon wounding (Wycoff et al., 1995) 
and pathogen infection (García-Muniz et al., 1998). Furthermore, extensins have been 
found to produce chimeric proteins with Leucine-rich repeat (LRR) proteins, thus 
forming LRR-extensins (LRXs), which mediate protein–protein interactions in many 
different cellular processes (Baumberger et al., 2001; Kobe and Deisenhofer, 1994). 
Therefore, LRXs are candidates for having a regulatory or signaling function since the 
extensin domain can interact with the cell wall while the non-structural LRR domain 
provides an independent activity for cellular interactions (Xiao Liu et al., 2016a). 
Cellular interactions, like cell-cell communication during pathogen attacks, 
fertilisation or abiotic stress responses cause modifications of the cell wall (Bacete et al., 
2018). By using cell wall sensor molecules, the plant cell closely monitors the status of the 
cell wall and any modification is reported via signal-transduction mechanisms to the 
inside of the cell, where changes in gene expression and protein targeting are induced 
(Jones and Dangl, 2006). This allows the plant cell to appropriately react to disturbances 
through the modification of the cell wall properties and to adjust, likewise, the cellular 
growth (Bellincampi et al., 2014). Such a mechanism constantly senses the status of the cell 
wall and triggers intracellular physiological and biochemical responses that signal back 
to the cell wall to allow appropriate remodelling. This cell wall remodelling requires a 
large number of proteins with diverse biochemical activities (Cosgrove, 2014). Thus, an 
elaborate cell wall integrity (CWI) surveillance system, consisting of a pathway of 
apoplastic proteins and transmembrane receptors, is in charge to detect changes in cell 
wall homeostasis. However, although the CWI pathway was postulated a while ago 
(Levin, 2005; Ringli, 2010) and some of the cytoplasmic components have been identified, 
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the involved ligand and the link between cell wall and plasma membrane stayed elusive 
until very recently. 
1.1.2 The Cell Wall Integrity Pathway 
It was long assumed that cell wall proteins have a largely structural function, like 
reinforcing bars used to give concrete a higher tensile strength. However, during the past 
10 years, it has been shown that they also play an important role in the perception and 
transduction of extracellular signals as they react as extracellular sensors. Among these 
proteins, LRXs attracted much of the attention, because they were recently identified as 
a central element of the CWI pathway (Fabrice et al., 2018). In Arabidopsis thaliana they 
form a family with eleven members, which are expressed in a tissue-specific manner. 
LRX1/2, LRX3/4/5, and LRX8/9/10/11 are predominantly expressed in root hairs, in 
the main root and the shoot, and in pollen, respectively (Herger et al., 2019). As mentioned 
before, they are consist of two major domains, which are linked by a cysteine-rich repeat 
of 39–50 amino acids. The LRR domain, which contains 11 leucine-rich repeats 
(Baumberger et al., 2003) is found in organisms throughout all kingdoms and represents 
a versatile domain implicated in binding interaction partners that range from small 
peptides to large proteins and non-proteinaceous small molecular compounds such as 
brassinosteroids (Hohmann et al., 2017). This way, as it will be described in detail in 
Chapter 2, LRX proteins were shown to bind to a small group of peptides named Rapid 
ALkalinization Factors (RALFs) (Mecchia et al., 2017; Pearce et al., 2001). RALFs are 
peptide hormones that modify plant growth, fertilisation, and responses to pathogen 
infection by inducing several physiological responses, including alkalinization of the 
apoplast, hence their name (Campbell and Turner, 2017; Ge et al., 2017; Morato do Canto 
et al., 2014; Murphy and De Smet, 2014; Pearce et al., 2001; Stegmann and Zipfel, 2017). The 
Arabidopsis RALF gene family contains 34 members, some of which are broadly expressed, 
while others are found in specific tissues (Campbell and Turner, 2017; Murphy and De 
Smet, 2014) (Fig. 1.2 A). Furthermore, there is genetic and biochemical evidence that 
RALFs also bind the extracellular domain of some members of the transmembrane 
Catharanthus roseus RECEPTOR-LIKE KINASE1-LIKE (CrRLK1L) protein family (Dünser 
et al., 2019; Ge et al., 2017; Haruta et al., 2014; Stegmann and Zipfel, 2017), therefore 
providing a link between extracellular and intracellular signaling. Indeed, it was shown 
that this connection activates a phosphorylation cascade that eventually represses H+-
ATPase (proton pump) activity, thereby increasing the extracellular (apoplastic) pH and 
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reducing cell elongation (Chen et al., 2016; Ge et al., 2017; Haruta et al., 2014). As it will be 
explained in the section 1.1.3, the Acid Growth Theory (AGT) suggests that acidification 
of the cell wall favours cell wall expansion, whereas alkalinization induces growth arrest 
(Cosgrove DJ in eLS,; Morato do Canto et al., 2014; Rayle and Cleland, 1970) (Fig. 1.2 B-C). 
 
Fig. 1.2: Rapid ALkalinization Factor (RALF) peptides in plant growth and development. (A) 
Schematic of a plant highlighting where RALFs have a role (combined observations from 
various species). (B) RALF binding to the FERONIA (FER) receptor and regulating H+-
ATPase 2 (AHA2) activity. (C) Summary of events downstream of RALF, without any 
specific order of events or interactions and indicating possible connections (broken line 
and ‘?’). (Reprinted form (Murphy and De Smet, 2014)). 
The CrRLK1Ls receptors consist of an extracellular domain which includes one or 
two malectin-like domains (Boisson-Dernier et al., 2011), a transmembrane domain, and a 
cytoplasmic Ser/Thr kinase domain (Escobar-Restrepo et al., 2007; Hématy et al., 2007; 
Shiu and Bleecker, 2001). In Arabidopsis thaliana more than 600 RLKs exist (Gish and Clark, 
2011), where the CrRLK1Ls form a family of 17 members with a very similar protein 
structure. The first evidence for a role of CrRLK1Ls in governing cell wall-related 
processes was the description of a cell wall integrity sensing function for THESEUS1 
(THE1). The the1 mutation mitigates the dark-grown hypocotyl elongation defects of 
various cellulose deficient mutants. The absence of a strong phenotypic effect in THE1 
loss- and gain-of-function lines in the absence of cellulose-deficiency illustrated that 
THE1 monitors cell wall composition and actively represses growth in cellulose-deficient 
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mutants (Hématy et al., 2007; Merz et al., 2017). Following THE1, the CrRLK1L FERONIA 
(FER) was linked to a cell wall surveillance system. It was discovered that FER controls 
the disintegration of the pollen tube cell wall upon perception of the pollen tube at the 
synergid cells during fertilisation (Escobar-Restrepo et al., 2007) (Section 1.2). However, 
due to the pleiotropic phenotypes of the fer mutant and the expression of FER in diverse 
vegetative tissues, it soon proved to be a central scaffold protein with a relay function in 
multiple processes for monitoring a wide range of plant responses (Feng et al., 2018; 
Stegmann and Zipfel, 2017). 
After Haruta et al. showed in 2014 that FER was a receptor for RALF1 in roots 
(Haruta et al., 2014), several CrRLK1L proteins binding different RALF peptides with 
varying specificities were described (Ge et al., 2017; Gonneau et al., 2018; Haruta et al., 2014; 
Stegmann and Zipfel, 2017), and additional FER cofactors were characterised. Employing 
co-immunoprecipitation and yeast two-hybrid assays, a physical link between FER and 
the LRR domain of LRX4 was reported (Dünser et al., 2019). Indeed, Dünser et 
al. demonstrated that the vacuolar morphology is influenced by the extracellular pH, and 
that this adjustment depends on both FER and LRX function. Thus, LRX–FER-dependent 
cell wall sensing is required to coordinate extra- and intracellular adaptations (Dünser et 
al., 2019). According to this, it was shown that FER interacts with the 
glycosylphosphatidylinositol-anchored proteins LORELEI (LRE) and LRE-LIKE GPI-
AP1 (LLG1) in the endoplasmic reticulum. This interaction is crucial for the localisation 
of FER to the plasma membrane, implying that LRE and LLG1 act as chaperones for FER 
throughout the secretory pathway (Chao Li et al., 2015). Furthermore, one member of a 
functionally redundant set of five ovule-expressed EARLY NODULIN-LIKE PROTEINs 
(ENODLs), ENODL14, was demonstrated to be required to anchor FER at the plasma 
membrane (Hou et al., 2016). Finally, a yeast two-hybrid approach, together with different 
bimolecular fluorescence complementation assays, highlighted that RHO OF PLANTS 
(ROP)-GUANINE NUCLEOTIDE EXCHANGE FACTOR (GEF)1 also binds to FER 
(Duan et al., 2010) (Fig. 1.3). 
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Fig. 1.3: Schematic representation of cell wall sensing by RAPID ALKALINIZATION 
FACTORs (RALFs) and downstream signaling components. Cell-wall LRX proteins are 
recognised by RALF peptides, sensing alterations in the cell wall. To activate intracellular 
signaling pathways, they form a complex with CrRLK1L receptors and LRE/LLG co-
receptors, inducing autophosphorylation of the CrRLK1L intracellular domain. Through 
signaling via ROPGEFs and RAC/ROPs, H+-ATPases (AHA), calcium (Ca2+) channels, 
and NADPH oxidases (RBOHs) are activated, which can modify cell wall properties by 
controlling H+, Ca2+ and ROS levels, respectively. Moreover, CrRLK1L can activate 
intracellular phosphatases of the ATUNIS (AUN) family and cytoplasmic receptor-like 
kinases like MARIS (MRI). (Reprinted from (Vogler et al., 2019), Appendix, Chapter 7). 
In tip-growing root hairs, ROP proteins, also known as RAC (RAC/ROPs), interact 
with ROP-GEFs, which switch between an inactive GDP-bound and an active GTP-bound 
state to regulate the tip growth (Molendijk et al., 2001) Thus, in response to upstream 
activation, ROP-GEF stimulates GDP–GTP exchange and activates RAC/ROPs on the 
plasma membrane, which in turn activate intracellular downstream processes that 
regulate cell growth (Molendijk et al., 2001). As a consequence, FER can interact with 
plasma membrane H+-ATPases of the AHA family (Yuan et al., 2017), which are essential 
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both to control the membrane potential and to power ion transport across the plasma 
membrane in order to maintain polar growth in tip growing cells (Chen et al., 2018; Hu et 
al., 2017). In addition, after their activation, RAC/ROPs can modulate multiple secondary 
effectors that then in turn regulate cytoskeleton dynamics, Reactive Oxygen Species 
(ROS) production, cytosolic calcium (Ca2+) homeostasis, and gene expression 
(Feiguelman et al., 2018). Signal transduction processes usually rely on second 
messengers, small molecules like nitric oxide, ROS, and Ca2+, whose levels and 
spatiotemporal patterns are specifically altered by external signals. These so-called 
signatures are detected and interpreted by the cell to elicit specific downstream 
responses. Thus, ROS-producing NADPH oxidases known as RESPIRATORY BURST 
OXIDASE HOMOLOGUEs (RBOHs) were characterised to be direct targets of these 
RAC/ROP proteins (Carol et al., 2005, 2005; Chao Li et al., 2015), affecting also the Ca2+ 
influx (Wong et al., 2007). As a consequence, FER mutants show altered Ca2+ signalling 
patterns, which are furthermore linked to changes in the perception of mechanical 
stimulations (Ngo et al., 2014; Shih et al., 2014). Nevertheless, even if Ca2+ channels may be 
regulated by ROS levels, the cross-regulatory interactions between ROS, Ca2+, and H+ 
during cell growth are complex and need to be further investigated (Behera et al., 2018; 
Boisson-Dernier et al., 2013; Kaya et al., 2014; Lassig et al., 2014; Michard et al., 2017). 
Similar to FER, the CrRLK1Ls ANXUR (ANX)1/2 and BUDDHA’S PAPER SEAL 
(BUPS)1/2 are involved in CWI maintenance during pollen tube growth prior to reaching 
the ovules in Arabidopsis (Boisson-Dernier et al., 2013; Ge et al., 2017). Both ANX and BUPS 
act as RALF receptors, and the pollen tubes of their respective double mutants do not 
grow properly, frequently burst prematurely and produce an strong male sterility 
phenotype (Boisson-Dernier et al., 2009; Ge et al., 2017). Further analyses following an 
anx1/2 sterility suppressor screen, identified another kinase as a positive regulator of the 
ANX-dependent pollen tube growth pathway (Boisson-Dernier et al., 2015); the MARIS 
(MRI) kinase. MRI is a membrane-localized member of the Pto-interacting (Pti)-like 
subfamily, also known as RLCK-VIII. Interestingly, MRI loss-of-function mutants display 
pollen tube bursting like anx1/2 plants, but the expression of the mutant form MRIR240C 
could rescue this phenotype, showing that MRIR240C is an overactive dominant MRI 
variant and that MRI plays an important positive role in the CWI pathway (Fig. 1.3). In 
the same anx1/2 suppressor screen, the atunis1 (aun1) mutant was recovered, rendering a 
member of the TYPE ONE PROTEIN PHOSPHATASE (TOPP) family inactive. AUN1 
and its closest homolog AUN2 function redundantly as negative regulators of the 
ANX1/2- dependent CWI pathway (Franck et al., 2018). Genetic experiments showed that 
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the mutant form of AUN1, AUN1D94N, can suppress diverse mutants of the pollen tube 
CWI pathway, placing AUN1/2 downstream of LRX, RALF, ANX and RBOH, but not of 
MRI (Fig. 1.3). Thus, it was proposed that the AUN1/2 phosphatases may counterbalance 
the kinase activity of MRI and/or regulate the phosphorylation status of common or 
different target proteins to regulate pollen tube growth (Franck et al., 2018). However, 
how exactly AUN1/2 are activated and which target proteins they dephosophorylate 
requires further investigations. Moreover, AUN1/2 are localized both in the cytoplasm 
and the vegetative nucleus of growing pollen tubes, where they may have distinct 
functions. Indeed, TOPP4, another family member involved in gibberellic acid and auxin 
signaling, directly interacts with proteins at the plasma membrane and in the nucleus 
(Guo et al., 2015; Qin et al., 2014). Although many of the players involved in CrRLK1L 
signaling were initially identified through their role in plant reproduction, they or their 
homologs were found to play similar roles in diverse processes, including root growth, 
root hair development, cell expansion, innate immunity, and a variety of biotic and 
abiotic stress responses. It is thus probably only a matter of time until additional members 
of the ENODL and TOPP family will be implicated in other CrRLK1L-mediated signaling 
transduction processes (Vogler et al., 2019). 
Interestingly, rapid cell elongation leads to an increase in the strain rate, which 
activates cell wall synthesis via the CWI pathway and vice versa. In this process, the 
secondary messengers, like Ca2+, play an important role, since they can be rapidly read 
out to respond back (Volotovski et al., 1998). Thus, cells can start and stop this process 
quickly, in less than a minute in some cases, revealing that the molecular processes 
underlying irreversible wall expansion are dynamically controlled (Szymanski, 2009). 
Such dynamic behaviour is reflected, at least in part, by changes in cell wall pH 
(Cosgrove, 2018), which modulates the wall-loosening action of expansins (Cosgrove, 
2015) and potentially other wall-modifying agents that are activated by the phytohormone 
auxin in order to respond to specific biotic or abiotic stresses and to control the fine tune 
cellular growth by the AGT (Wu et al., 2008). 
1.1.3 The Acid Growth Theory 
Plant growth and development are two physical processes occurring through the 
action of different parameters and in which plant hormones are known to play a critical 
role (Kende and Zeevaart, 1997). Plant hormones, also known as phytohormones, are 
naturally produced by plant tissues and have been reported to regulate diverse 
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developmental processes, such as seed dormancy, seed germination and flowering, and 
they also affect cell elongation and cell division (Bedini et al., 2018). Moreover, they have 
been shown to interact with each other antagonistically or cooperatively by complex 
crosstalks making their individual study difficult (Witzany, 2006). For example, abscisic 
acid (ABA) and gibberellin (GA), act antagonistically in the control of seed dormancy and 
germination, where ABA positively regulates the induction and maintenance of 
dormancy, while GA enhances germination (Mittler and Blumwald, 2015). 
Among all the plant hormones, auxin has a central role because it orchestrates 
multiple developmental processes (Paque and Weijers, 2016). Indeed, Gälweiler et 
al. showed already in 1998 by the use of PIN mutants, which are integral membrane 
proteins acting in the efflux of the auxin, that the disruption of the polar transport of this 
phytohormone leads to the failure of flower formation in Arabidopsis (Gälweiler et al., 
1998). Interestingly, local application of exogenous auxin to the naked inflorescences of 
pin1 can induce the formation of floral primordia, highlighting the critical role of auxin 
in the flowering process (Cheng and Zhao, 2007; Reinhardt et al., 2000). Furthermore, auxin 
has also been shown to be important for the control of leaf senescence by over-expressing 
the YUCCA6 gene, which is involved in the de novo auxin biosynthesis pathway in 
Arabidopsis. This mutant displayed a stay-green phenotype, associated with a delayed leaf 
senescence and an auxin hyper-accumulation, revealing the role of auxin in the natural 
ageing process of plant cells (Kim et al., 2011). Nevertheless, despite its proven 
pluripotency, auxin is especially renowned for its capacity to promote cell elongation and 
has been found to be one of the main actors of the AGT (Hager et al., 1971). 
In the early 1970s, a physiological mechanism explaining cell expansion, the AGT 
was postulated (Hager et al., 1971; Rayle and Cleland, 1977, 1970, 1992). This theory proposes 
that the plant hormone auxin triggers the activation of plasma membrane (PM)-localised 
H+-ATPases, resulting in acidification of the intercellular space (apoplast). Thereby, the 
low pH activates different proteins that act on carbohydrates, which leads to cell wall 
loosening and allows the cell to elongate due to the turgor pressure (Benjamins and 
Scheres, 2008) (Fig. 1.4). This cell wall acidification results in a fast cell elongation, within 
minutes in classical assay systems like the hypocotyl of dicotyledons and the coleoptile 
of monocotyledons (Schopfer, 1989; Takahashi et al., 2012). 
In addition, it is generally assumed that auxin promotes cell elongation by 
inducing the transcription of genes that encode cell wall remodelling factors (Sánchez-
Rodríguez et al., 2010; Wolf et al., 2012). For instance, auxin promotes the expression of 
expansins, which are considered as primary facilitators of cell wall loosening. They 
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physically open up the fibrous network, allowing other cell wall remodelling enzymes, 
e.g. polygalacturonases, endoglucanases, and pectin methylesterases (PME), to access
their respective substrates more easily (Catalá et al., 2000).
Fig. 1. 4: Control of cell expansion by auxin. Among the plant hormones, auxin has a central 
role because it orchestrates multiple developmental processes. The effect of auxin on cell 
expansion is shown below: (1) auxin stimulates a proton pump, leading to the acidification 
of the apoplast; (2) low pH activates expansins, allowing cell wall loosening; (3) the cell 
elongates. (Modified from (Cosgrove, 2005)). 
The AGT has been a subject of debate ever since its first formulation, especially 
whether the theory is a universally applicable concept for plant cell elongation. 
Subsequent literature provided significant insight into the molecular mechanisms of 
auxin-triggered acid growth in plant shoots. By replacing auxin with low concentrations 
of fusicoccin, a fungal toxin which also directly activates the H+-ATPases, increased 
growth of cells in the shoot was observed (Fendrych et al., 2016; Lüthen et al., 1990). In 
roots, however, the AGT remains controversial. Some of the strongest objections against 
the AGT are that in some elongating roots, researchers have observed that auxin 
treatments lead to alkalinization rather than acidification (Evans et al., 1980; Lüthen and 
Böttger, 1993). Furthermore, high auxin concentrations are indeed known to inhibit root 
cell expansion and overall root growth both in monocots and dicots (Chadwick and Burg, 
1967; Kutschera and Schopfer, 1985). However, contrary to these observations and in line 
with the theory, it was shown that root growth is slightly promoted when auxin and its 
homologs are applied at very low concentrations to grass roots (Moloney et al., 1981). 
These discrepancies are difficult to solve, even more when it has been reported that the 
application of auxin at high concentrations generally inhibits root growth in a model 
plant like Arabidopsis (Liu et al., 2015). Thus, these controversial findings imply that our 
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knowledge about the role of pH in plant cell expansion is insufficient. Further 
investigations of the exact concentrations and the local distribution of protons within the 
cell wall and their effect on the mechanical properties of the latter are fundamental to 
better assess the validity of the AGT. So far, the AGT’s biophysical component was 
traditionally only examined at systemic resolution and through non-genetic approaches. 
Thus, a proper correlation between biochemical factors, e.g. pH and auxin, with physical 
properties, e.g cell wall stiffness / elasticity, together with genetic information, is still 
needed. 
Up to this point, new genetic, biochemical, biomechanical and microscopic tools 
and technologies have been developed and have been instrumental in providing new 
answers to the AGT, even though many questions remain unanswered. For example, it 
has been found very recently, that pectins also seem to act as cell wall modifying agents 
through the action of auxin. Auxin leads to a de-esterification of pectins, which decreases 
the rigidity of the cell wall and additionally contributes even further to the apoplastic 
acidification (Braybrook and Peaucelle, 2013; Hocq et al., 2017). These results were 
postulated according to the ability of the PME to generate secondary derivative 
compounds in the extracellular matrix, such as protons and methanol, which generally 
decrease the pH in any tissue. Unfortunately, there is still a lack of accurate apoplastic 
pH analyses with precise tools that can help visualise and quantify these small pH 
changes in the cell wall. In fact, most of the latest available pH probes work well for 
cytoplasmic pH measurements in plant cells, but not optimal in the cell wall (Gjetting et 
al., 2012). Nevertheless, new imaging methods, for example, the use of the 8-
hydroxypyrene.1,3,6-trisulphonic acid (HPTS) dye (Barbez et al., 2017) to measure cell 
wall pH, could provide new answers since they record pH distributions at a very high 
resolution. This approach might therefore enable the researchers to track the acidification 
state of the cell wall in order to gain a better understanding of the cytomechanics behind 
cell elongation (See Section 1.4). 
1.2 Arabidopsis pollen cells as a model system for investigating cell growth 
So far, many experiments to better understand the AGT have been conducted at 
the tissue level, but for a deeper comprehension a much more profound analysis is 
needed. Therefore, studies at the single cell level can provide insights into the complex 
growth of plant tissues and organs. Since, plant cells are generally interconnected and 
forming tissues, it is often impossible to separate a single cell for analysis. To circumvent 
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this problem, individually growing pollen tubes of Arabidopsis and other species have 
been used as a model to study cellular growth for more than 50 years (Dashek and Rosen, 
1966; Kroh et al., 1970; Smyth, 1990). 
In flowering plants (angiosperms) the mature male gametophyte contains a 
vegetative cell which harbours two sperm cells. It matures within the anthers of the plant 
into pollen grains that are subsequently dried and released with the aim of landing on 
the tip of a pistil, the stigma. Once there, after rehydration, the pollen grains germinate 
by the extrusion of a tube, which has one single objective: to deliver the two sperm cells 
attached to the vegetative nucleus to the female gametophyte, the ovule (Fig. 1.5 A). After 
germination, the pollen tubes elongate by tip-growth, penetrate the pistil tissue and grow 
through the nutrient-rich transmitting tract until they are attracted by the receptive 
ovules (Fig. 1.5 B). During this journey, the signalling between the pollen tube and the 
maternal tissues of the stigma, style, transmitting tract and ovule are fundamental to 
ensure optimal guidance via chemotactic cues (Herrero and Hormaza, 1996; Márton et al., 
2005; Okuda et al., 2009; Takeuchi and Higashiyama, 2012). In the transmitting tract pollen 
tubes elongate extremely fast to ensure successful fertilisation. They can grow up to 30 
cm in length in some plants like maize, despite their small diameter (15-20 μm), being 
among the fastest growing cells, if not the fastest, with average growth rates between 3-
6 μm/min in Arabidopsis (Franck et al., 2017; Lassig et al., 2014). This rapid growth implies 
high tensile stress on the cell wall due to turgor pressure. Therefore, a precise control of 
cell wall deposition and remodelling through the CWI pathway is crucial to resist this 
stress and to maintain the shape of the pollen tube during growth. The continuous self-
similar growth requires a non-expandable shank and a relatively soft apical region where 
cell expansion can occur. New cell wall material, mainly methyl-esterified pectins and, to 
a lesser extent, crystalline cellulose, is constantly added in this region. A few micrometers 
away from the pollen tube tip, in the transition zone between the spherical tip and the 
cylindrical shank, pectins become de-esterified by PMEs and gelled by Ca2+ cross-linking 
(Fraeye et al., 2010). In addition, callose (1,3-P-glucan) polysaccharide is added to the cell 
wall, which leads to further reinforcement of the shank (Chebli et al., 2012; Vogler, 2017). 
Once the pollen tube arrives at the ovule, it penetrates an opening in the integuments, the 
micropyle, and reaches the embryo sac, which is composed by four cell-types in 
angiosperms: the two synergid cells, which are located at the micropylar opening of the 
ovule where the pollen tube enters; two gametes (the egg and the central cell); and three 
antipodal cells at the opposite extreme of the ovule’s entrance. Pollen tube reception 
occurs at the filiform apparatus, a callose-rich complex formed by invaginations of the 
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synergid cell walls. After penetrating the embryo sac through one of the two synergids 
the two sperm cells are released. One sperm cell will fertilise the egg cell while the other 
one will fertilise the central cell, giving rise to the diploid embryo and the triploid 
endosperm for nurturing the embryo, respectively (Baroux et al., 2002; Bleckmann et al., 
2014; Kessler et al., 2010). This process is called double fertilisation (Fig. 1.5 C). 
 
Fig. 1.5: Pollen tube growth analysis in vitro and in vivo. (A) Pollen tubes grown in vitro and 
prepared for analysis. (B) Aniline blue staining of pistils 1-2 days after pollination. Pollen 
grains land on the stigma. After hydration, they germinate and form pollen tubes that 
penetrate the female tissues and grow through the transmitting tract towards the ovules.(C) 
When they arrive to the ovule, they penetrate through the micropyle and double fertilisation 
occurs. Scale bar 10 μm in (A), 100 mm in (B) and 150 mm in (C). 
Pollen tube reception at the synergids starts with growth arrest of the pollen tube, 
programmed cell death of the receptive synergid after which the pollen tube resumes 
growth at high speed only to burst and release the two sperm cells after arriving in the 
central cell. Essentially, all these steps are controlled by an extensive communication 
between the male and the female gametophytes which is to a great extent mediated by 
coordinated Ca2+ oscillations (Ngo et al., 2014) and likely controlled by the important FER 
dependent signalling pathway (Escobar-Restrepo et al., 2007). As previously mentioned, 
FER is expressed in the vegetative tissue of the mature Arabidopsis and accumulates in the 
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filiform apparatus of the synergids, being indispensable for pollen tube reception 
(Escobar-Restrepo et al., 2007). Indeed, it was shown that the lack of FER, together with 
two CrRLK1L homologues, HERCULES RECEPTOR KINASE 1 (HERK1) and the 
recently discovered ANJEA (ANJ) (Galindo-Trigo et al., 2020), prevents the proper 
communication between the female gametophyte and the arriving pollen tube. Thus, 
wild type pollen tubes which invade fer ovules, do not stop their growth and also fail to 
burst, leading to a pollen tube overgrowth inside the female gametophyte (Huck et al., 
2003). This phenotype is also mimicked in ovules lacking LRE, which acts as a cofactor of 
FER, HERK1 and ANJ (Capron et al., 2008; Galindo-Trigo et al., 2020; Chao Li et al., 2015). 
Furthermore, these mutants display the same aberrant cytosolic Ca2+ pattern than fer 
during pollen tube reception (Xiao Liu et al., 2016b), (Stegmann and Zipfel, 2017), which is 
important for pollen tube rupture and affects to the CWI maintenance as a consequence 
(Duan et al., 2014; Escobar-Restrepo et al., 2007; Ngo et al., 2014). 
In order to comprehend the fundamental role of the different players in the CWI 
pathway, we took advantage of the tubular structure of the pollen tube. Their capacity to 
maintain a continuous apical elongation while controlling the integrity of the cell wall, 
together with the ability to react to different chemical and mechanical cues, places them 
in the spotlight to study cellular growth. Furthermore, it was reported that RALF1 binds 
the extracellular domain of FER increasing the apoplastic pH and reducing cell 
elongation in roots (Chen et al., 2016; Haruta et al., 2014). Thus, pollen tubes, with their 
respective CrRLK1L protein homologues like ANX1/2 (Boisson-Dernier et al., 2013; 
Miyazaki et al., 2009), have become fundamental to better understand cell elongation 
under the AGT. 
All this information, together with the discovery of a new RALF peptide-binding 
interactor, LRX, will be profoundly characterised and described in Chapters 2 and 3. 
1.3 Brachypodium roots as tissue model for investigating cell growth 
Brachypodium distachyon is a fairly new plant model proposed in 2001 (Draper et 
al., 2001), which has gained more and more popularity in recent years. It has emerged as 
a viable model system for studying biological issues related to the family of the grasses 
(Poaceae), which are of immense agricultural importance and include all our main cereal 
crops such as rice, corn, wheat and barley. The major challenges associated with these 
species include the large size of the plants, long generation times and demanding growth 
requirements (Jung et al., 2008). In contrast, Brachypodium is a simpler monocotyledonous 
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system with a shorter stature, shorter generation time, smaller genome, the ability to self-
pollinate, and it can be easily grown under simple conditions (Draper et al., 2001). 
Therefore, Brachypodium, like Arabidopsis, is particularly useful for basic research that 
requires large numbers of individual plants, carefully controlled growth conditions, 
multiple generations, and genetic analyses (Brkljacic et al., 2011). In addition, in the frame 
of our research project, previous studies described that these two model organisms show 
a different response to auxin. Interestingly, it has been reported that Arabidopsis root cells 
become shorter in response to both a decrease or an increase in auxin production (Liu et 
al., 2015). However, in 2013, Pacheco-Villalobos et al. highlighted an increased root 
elongation in response to high levels of auxin in Brachypodium (Pacheco-Villalobos et al., 
2013). These differences to Arabidopsis and the simplicity of the Brachypodium model make 
it an ideal tool to validate the AGT and its universal applicability to cell expansion. 
The final steps of auxin biosynthesis in Arabidopsis are controlled by two well 
characterised enzymes: the TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 
1 (TAA1) and TAA1-RELATED (TAR) proteins, which catalyse the conversion of 
tryptophan to indole-3-pyruvic acid (IPA), and the family of YUCCA cytochrome P450s, 
which catalyse the conversion of IPA to indole-3-acetic acid (IAA), the major active form 
of auxin (Stepanova et al., 2008; Won et al., 2011)(Fig. 1.6 D). Three redundantly acting 
TAA1/TAR genes exist, whose progressive loss of function leads to ever reduced root 
growth and especially to the absence of a root in the triple mutant (Tao et al., 2008). 
Phylogenetic analysis has identified bona fide TAA1/TAR homologous genes in 
monocotyledons. Whereas maize contains five members of this family , only two were 
found in Brachypodium. Thus, they were named TAA1-RELATED 1-LIKE (BdTAR1L) and 
BdTAR2L, with BdTAR2L being the dominantly expressed gene in the elongation zone of 
the root. Till the date, the major limitation to understand the AGT was the unavailability 
of suitable mutants that could help in its experimental verification. However, Pacheco-
Villalobos et al. created a Bdtar2l mutant which, despite the observation that it is a loss-
of-function allele, produced higher levels of auxin in this zone (Fig. 1.6 B). As a 
consequence, the cell elongation is greatly exaggerated, and the root as a whole is up to 
160% the length of wild type, while size and activity of the root meristem are not affected 
in this mutant (Fig.1.6 A-C) (Pacheco-Villalobos et al., 2013). Therefore, in contraposition 
to the dicotyledonous model system Arabidopsis, which has a highly counterintuitive 
phenotype as explained before, the Bdtar2l mutants offer a unique opportunity to address 
the validity of the AGT in the root. 
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Fig. 1.6: Cellular root phenotypes of Bdtar2l mutants. (A) Representative Nomarski optics 
images of mature root portions showing longer root cells in the mutant. (B) Free auxin 
(IAA) content in wild type and Bdtar2l root segments at 4 days after germination. (C) 
Quantification of mature cortex cell length at 4 days after germination. (D) The simplified 
indole-3-pyruvic acid (IPyA) pathway mutation in the IAA biosynthetic pathway of the 
Bdtar2l mutant. (Adapted form (Pacheco-Villalobos et al., 2013)). 
We have now genetic and pharmacological tools, like the HPTS pH reporter or the 
IAA chemical, at our disposal to observe the effects of increased auxin levels either in 
systemic steady state or upon induction. However, as explained, the growth of walled 
cells is determined by the plastic response of the acidified wall to the mechanical force 
exerted by the turgor pressure. So, in order to totally comprehend the basis of the AGT, 
the force balance between turgor and tensile resistance of the plant cell wall has to be 
assessed as well as the mechanical properties of the cell surface at the multicellular level. 
1.4 Cytomechanics - The Mechanical Basis of Cell Form and Structure 
Biomechanical studies were largely faded from the focus of plant science with the 
rapid progress of genetics and molecular biology since the mid-twentieth century. 
However, the development of more sensitive measuring tools renewed the interest in 
plant biomechanics in recent years. Thus, mechanical characterisation has become an 
important and now frequently used tool for plant phenotyping (Pieruschka and Lawson, 
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2015). Indeed, biomechanical forces play an important role not only in cell growth but also 
in other biological functions, such as plant stability or resistance against pathogens (Bao 
et al., 2010; Spatz et al., 1990). 
As already mentioned, cell walls provide shape and stability to the plant and have 
to be strong enough to withstand the high tensile forces generated by turgor pressure, 
which typically ranges from 0.3 to 1 MPa (Benkert et al., 1997; Cosgrove, 1997; Tomos and 
Leigh, 1999). Furthermore, the cell has to balance those forces, by inducing wall stress 
relaxation, to properly elongate and avoid rupture of the cell wall (Cosgrove, 1993; 
Cosgrove et al., 1984; Wolf et al., 2012). Therefore, to better understand growth at the 
mechanical level, the turgor pressure and the elastic properties of the cell wall need to be 
quantified. 
Several different techniques have been employed to estimate the value of turgor 
pressure, but only the pressure probe, an oil-filled microcapillary which is inserted into 
the vacuole, allows direct pressure measurement (Benkert et al., 1997; Jones et al., 2015; 
Tomos and Leigh, 1999). Initially, this technique was used to measure turgor in algae with 
very large cells (Hüsken et al., 1978; Tomos and Leigh, 1999), but continuous development 
made it possible to use the pressure probe also for small cells, such as stomatal guard 
cells (Franks, 2003; C. Wei et al., 2001). However, due to its invasive nature, this method 
cannot be used repeatedly on the same cell (Fig. 1.7 A). In addition, an alternative method 
to measure the turgor pressure is ball tonometry, a large-scale indentation method 
(Lintilhac et al., 2000; Chunfang Wei et al., 2001), where a large spherical probe is applied 
to the cell with an imposed load while the contact area is measured (Fig. 1.7 B). Due to 
the large diameter of the indenter, which is much bigger than the thickness of the cell 
wall, the elasticity of the cell wall itself can be neglected. Thus, turgor pressure is 
determined by the ratio between the known load and the contact area between the sphere 
and the cell surface. Turgor pressure values measured with this method correlate well 
with the direct pressure probe measurements (Wang et al., 2006). 
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Fig. 1.7: Measurement of turgor with mechanical methods. (A) Pressure probe, wherein the 
pressure is measured directly using a capillary for manipulating turgor pressure within a 
cell by injecting or removing a known volume of liquid. (B) Non-invasive ball tonometry 
based on the compression of individual plant cells with a large diameter sphere, wherein 
the surface of contact between the sphere and the cell is determined optically. The pressure 
(P) is defined as the force (F) exerted on a surface divided by the area (A) over which that
force acts. (C) Different indentation methods, wherein the force-indentation curve gives 
stiffness. Schematic of a typical indentation experiment with loading a constant force 
(N=Newtons). (Reprinted from (Beauzamy et al., 2014)). 
In addition to turgor pressure, the elasticity/stiffness of the cell wall is a limiting 
factor that must be regulated to permit cellular growth (Cosgrove, 1993; Cosgrove et al., 
1984; Wolf et al., 2012). Thus, numerous methods have been developed to better 
understand the rigidity of the cell wall. One of the major techniques generally used to 
determine cell walls elasticity in their natural state, is the ‘tensile test’. This test measures 
the deformation produced by the application of different pulling forces onto isolated cell 
walls or entire plant tissue blocks by the use of an extensometer (McQueen-Mason et al., 
1992; Schopfer, 2006). However, although such measurements can give answers 
concerning mechanical properties, the extensions measured cannot always directly be 
related to the growth of living cells in a quantitative way because the applied stress is 
unidirectional in most cases, whereas the in vivo stress in the cell wall due to turgor 
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pressure is multidirectional. Furthermore, this approach is not suitable to measure local 
differences in mechanical cell wall properties (Geitmann, 2006; Vogler et al., 2015). To 
overcome the lack of precision of the ‘tensile test’, especially for local measurements, 
indentation techniques have been used to measure cell wall stiffness. Cells are locally 
indented using forces in the range of pico to milliNewtons to investigate the 
biomechanics at smaller scales and in a more localised manner (Fig. 1.8 C). 
Most of the methods to measure forces at the microscale are cantilever-based. A 
force probe connected to a cantilever interacts with a sample, and the cantilever’s 
deflection is measured using either optical, piezoresistive and piezoelectric methods 
(Fauver et al., 1998). The atomic force microscope (AFM), in which the cantilever tip can 
be as small as a single atom, has already been used for various applications in the life and 
material sciences, and has become the dominating method for measuring forces in the 
nanoNewton range (Müller and Dufrêne, 2008). However, the cantilever has to be flexible 
enough to be deflected by the sample, and sufficiently stiff to deform it, resulting in a 
narrow force range that can be measured by this technique. Therefore, the maximal forces 
provided by the AFM are often not sufficient enough to characterise the stretching and 
elongation of the rigid cell wall of plants (Burgert and Keplinger, 2013; Felekis et al., 2011). 
These shortcomings were addressed by developing related techniques using larger 
cantilevers, which allowed to measure larger biological structures, like pollen tubes 
(Geitmann and Parre, 2004; Parre and Geitmann, 2005). Nevertheless, these cantilever-
based methods tend to be sensitive to off-axis forces leading to lateral deflections which 
sometimes induce slippages (Muntwyler, 2010). 
To overcome these problems, Bradley Nelson’s group at the ETH Zurich, 
developed a ‘MicroElectromechanical Systems’ (MEMS)-based capacitative force sensors 
which have already been demonstrated to be useful for measuring the hardening of the 
zona pellucida after fertilisation of a mouse oocyte (Sun and Nelson, 2002). In 
collaboration with the Nelson group, we developed the Cellular Force Microscope (CFM) 
by integrating MEMS-based force sensors with a micro-positioning system (Fig. 1.8 A-B) 
(Felekis et al., 2011). Compared to other mechanical characterisation tools used for 
biological samples, such as the AFM (Arfsten et al., 2010; Deng et al., 2011; Pablo, 2018), the 
CFM offers the possibility to apply multi-scale loads from the nano- to milliNewton range 
with significantly higher displacement, i.e., indentation depths in the range of several 
micrometers with nanometer-resolution. Therefore, the CFM has already been shown to 
be effective to characterise the cell wall stiffness of a large variety of different cell types, 
such as lily (Lilium longiflorum) and Arabidopsis pollen tubes (Fabrice et al., 2018; Vogler et 
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al., 2013) as well as epidermal tissue of onions (Routier-Kierzkowska et al., 2012). 
Importantly, the ‘apparent stiffness’ measured by the CFM reflects additional parameters 
that contribute to the cellular mechanical properties such as the turgor pressure (Smith et 
al., 1998; Wang et al., 2004), the cell and indenter geometry (Bolduc et al., 2006), as well as 
the pre-indentation mechanical stresses (Zamir and Taber, 2004). Thus, in order to 
separate them, it is essential to fit the data with a mechanical model that captures these 
various influences. The modelling techniques commonly used in engineering to predict 
the mechanical behavior of complex structures is based on Finite Element Method (FEM) 
modelling. In this approach, the structubehaviourral system is divided into discrete 
areas, i.e. the elements, which are connected by characteristic key points (generally 
located at their corners), or nodes. The quantities of interest, i.e. stresses, strains, and 
displacements are evaluated at the nodes connecting different elements. Thus, the FEM 
technique produces approximate solutions to complex problems by calculating the 
behaviour of structures with complicated geometry and material properties. FEM 
modelling has already been used to model the elastic, temporary deformation of plant 
tissues and cells under the application of external loads (Bolduc et al., 2006; Fayant et al., 
2010; Hamant et al., 2008; Wang et al., 2006). Therefore, the CFM, in combination with an 
FEM-based model, provides a powerful method to evaluate important mechanical 
parameters, such as turgor pressure and cell wall elasticity of single, growing cells and 
tissues (Fabrice et al., 2018; Routier-Kierzkowska et al., 2012; Vogler et al., 2013; Weber et 
al., 2015). However, FEM models depend on input parameters that are either difficult to 
measure, such as cell wall thickness, or that must be derived from cell populations other 
than those used for the stiffness measurements. The stretch ratio between turgid and 
plasmolysed cell diameters is such a case, since complete plasmolysis is not reversible. 
For these reasons, turgor pressure and cell wall elasticity derived from a FEM method-
based approach always represent average values based on experiments performed on 
different cell populations. Ideally, however, we would like to know these parameters for 
every individual cell. For this purpose, Burri and colleagues developed a dual 
indentation method based on the CFM combining microcompression (similar to ball 
tonometry) with microindentation and which allows the turgor pressure to be measured 
directly while providing an analytical solution for the cell wall elasticity (Burri et al., 2019). 
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Fig. 1.8: The CFM allowing fluorescence imaging of intracellular reporters while 
simultaneously providing stable and precise micro-indentation experiments (A) 
Configuration of the Cellular Force Microscope (CFM) integrated with an inverted 
microscope. (B) Experimental procedure: (i) Using the large travel range to find a suitable 
specimen and position the sensor close to it, (ii) indenting the sensor tip into the sample 
using the piezostage with real-time recording of position and force. 
Furthermore, regarding our research project and for better understanding the 
AGT, the CFM has been combined with fluorescence microscopy, allowing the 
simultaneous measurements of forces and the visualisation of intracellular reporters 
(Felekis et al., 2015), like intra- and extra-cellular pH in planta. For that, in addition, a 
microfluidic lab-on-a-chip device (LOC) has been developed and integrated with the 
CFM to support seed germination, indentation measurements, and long-term 
fluorescence imaging for obtaining accurate profiles along the different Brachypodium 
roots, previously described. The CFM is therefore a suitable instrument to approach the 
AGT from a different angle and provide the biomechanical data that have been missing 
until now. The exact approach and the results gained from CFM analyses will be 
described in detail in Chapter 4. 
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2 Chapter 2 - RALF4/19 for mantaining the cell wall integrity 
2.1 Introduction 
All of Chapter 2 was published as Mecchia, Martin A., Santos-Fernandez, Gorka, 
Duss, Nadine N., Somoza, Sofía C., Boisson-Dernier, Aurélien, Gagliardini, Valeria, 
Martínez-Bernardini, Andrea, Fabrice, Tohnyui Ndinyanka, Ringli, Christoph, 
Muschietti, Jorge P. and Grossniklaus, Ueli to Science 358, 1600-1603 (2017). 
I contributed to this work as follows: I performed all the phenotypic 
characterisation and the seeds/silique counting, pollen tube's images of both the in vitro 
pollen germination and the fluorescent peptides' application analysis, the 
immunostaining and the RALF4 and RALF19 RNA extraction for ddPCR to analyse the 
cDNA levels in the open flowers of the different lines. GSF also analysed all the peptides' 
effect in pollen tubes for measuring the growth arrest phenotype together with all 
the Western blots to better characterise the protein interaction. Furthermore, I helped 
with the quantitative analysis of LRX8-RALF4 binding, the interpretation of the results, 
and the writing of the manuscript. 
Thus, in this chapter an alternative interaction partner of RALF peptides is shown, 
the LEUCINE-RICH REPEAT EXTENSIN (LRX) family. As it was explained in 
‘Arabidopsis pollen cells as a model system for investigating cell growth’, until then, RALF 
peptides were shown to be the ligand of the CrRLK1L family members. However, with 
this discovery, we show another parallel ally for the recognition of this peptide by the 
pollen tube for growing while maintaining the CWI. This revelation will allow the 
scientific society to better understand the fundamental role of these small peptides while 
opening the possibility of investigating new and different developmental paths. For 
instance, new routes and branches that can lead to the global knowledge of the effect of 
these small peptide hormones to the plant in its integrity. 








3 Chapter 3 - Deeping in the LRX - RALF complex 
3.1 Introduction 
All of Chapter 3 was published as Moussu Steven, Broyart Caroline, Santos-
Fernandez Gorka, Augustin Sebastian, Wehrle Sarah, Grossniklaus Ueli, Santiago Julia 
to Proc Natl Acad Sci USA, 117 (13), 7494-7503 (2020). 
I contributed to this paper as follows: I analysed all the peptides' effect in 
pollen tubes for measuring the growth arrest phenotype and performed all the in vitro 
pollen tube assays to better understand the importance of  RALFs' folded structure 
and their effects. Furthermore, I performed all the phenotypic characterization and 
the seeds/silique counting together with the Arabidopsis transformations to study 
the rescue of the lrx mutants' phenotype (pollen tube bursting) and the analysis of  
protein  expression in these lines by Western blotting. In addition, I helped with the 
interpretation of the results and the writing of the 'Supplementary Materials' for the 
publication. 
Importantly, the results of chapter 2, in addition with other published 
paper supporting our discoveries, like the Chunzhao Zhao’s and colleagues (Zhao et 
al., 2018) marked a before and an after in the way of understanding the RALFs’ 
interaction with their partners. However, it raised plenty of new open questions such 
as: ‘How could a small peptide be recognized by two different proteins? How does 
the binding of LRX affect the interaction with the CrRLK1L family? Do these proteins 
interact together?’ 
Thus, to better understand the interaction of these peptides, it was necessary to 
deeply understand its diverse structure. This is what the next chapter is all about; a 
deep description of the structural bases of both RALF and LRX, and their close 
affinity interactions.  













4 Chapter 4 - The acid growth theory still revisited 
4.1 Introduction 
The AGT states that the plant hormone auxin activates plasma-bound proton 
pumps (e.g.,H+-ATPases), leading to apoplastic acidification. The reduced pH increases 
the efficiency of cell wall loosening agents (e.g. expansin), which reduces the cell wall 
stiffness, resulting in turgor-driven cell expansion (Hager et al., 1971; Rayle and Cleland, 
1977, 1970, 1992). As previously explained, in contrast to the situation in the shoot where 
the acid growth theory is well documented and supported by the literature (Spartz et al., 
2014; Takahashi et al., 2012), its applicability to roots is still under debate due to the 
controversial results observed in previous publications (Arsuffi and Braybrook, 2017; 
Evans et al., 1980; Lüthen and Böttger, 1993)(Section 1.1.3). Indeed, with experiments using 
the Bdtar2l mutant of Brachypodium, which expresses higher levels of auxin and has larger 
root cells as a consequence, Pacheco-Villalobos et al. demonstrated that the strong root 
elongation phenotype of this line cannot be associated with cell wall acidification driven 
by proton pumps. More specifically, focusing on the first centimetre of the root tip, they 
highlighted an overall root alkalisation in the mutant with no significant difference in the 
proton pump gene expression level when compared to the wild type (WT). Taken 
together, these results are in direct opposition to the AGT (Pacheco-Villalobos et al., 2016). 
For Arabidopsis, however, Barbez et al. could validate, in 2017, the direct link between 
auxin and pH acidification in the roots by the use of a novel fluorescent molecular marker 
for subcellular monitoring of the apoplastic pH distribution, the 8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS) (Barbez et al., 2017). Remarkably, they added an 
additional level of precision in their study by performing a deeper independent analysis 
focusing on different root zones, which were known to have a different gene expression 
profile (Birnbaum et al., 2003). More concretely, three main spatial phases were defined 
according to the developmental stages of root cells (Fig. 4.1 A). The division zone (DZ), 
which includes the meristem, is the first zone from the root tip and as its name indicates, 
it is were cells divide and undergo physiological changes to prepare for fast elongation, 
which will occur in the elongation zone (EZ). In this area, the cell length quadruples in 
only a few hours (Verbelen et al., 2006). The EZ is followed by the maturation zone (MZ), 
also known as differentiation zone, where the cells progressively stop their elongation 
and start producing root hairs. Thus, by this approach, Barbez et al. could also show that 
in Arabidopsis the pH changed according to the different root zones. Indeed they 
highlighted that pH was more acidic during cellular elongation in the EZ, but increased 
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when the root cells reached their final length in the differentiation zone (Barbez et al., 
2017). These observations raise the question as to whether the discrepancies in the AGT 
could originate either from species-specific differences or from differences in spatial and 
temporal resolution. 
Therefore, in order to comprehensively validate in a coherent experimental system 
to what degree the AGT can explain cell elongation in the root, we focused on the 
different growth processes of root cells in the monocotyledonous Brachypodium, 
comparing WT with the Bdtar2l mutant. As outlined before (Section 1.3), this mutant 
provides a suitable system to study the AGT as it has an allelic mutation in the auxin 
biosynthetic gene BdTAR2L, which leads to higher levels of auxin in roots and shows 
longer roots cells as a consequence. Interestingly, this line, also generates longer but 
overall thinner root cells than the WT and produces shorter and less abundant root hairs 
when mature. As a result, Bdtar2l also exhibits a reduced root diameter (Pacheco-
Villalobos et al., 2013). To confirm the hypothesis that a high spacial resolution is an 
essential criterion for the validation of the AGT, we decided to perform pH 
measurements using the segmentation approach described in Barbez and colleagues 
(Barbez et al., 2017) (Fig. 4.1 B). Following this system, we could show that the zone 
differentiation based on the cell physiological state, is a key parameter to explain the AGT 
in Brachypodium roots. Interestingly, the preliminary results using the HPTS molecular 
marker showed higher acidification levels in the EZ of Bdtar2l which together with the 
auxin over-accumulation, supports this part of the AGT, while being in direct opposition 
with what it was shown by Pacheco-Villalobos et al. (Pacheco-Villalobos et al., 2016). 
However, it is important to remind that their results were obtained when measuring the 
first centimetre of the root in its totality. In comparison, in our approach, the EZ has been 
characterised within the 2 first millimetres, and thus, in the absence of root hairs. 
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Fig. 4.1: Schematic representation of the different root zones under HPTS fluorescent pH 
indicator.  (A) Arabidopsis’s different root zones’ visualisation using the HPTS fluorescent 
pH dye. Adapted from (Barbez et al., 2017) (B) Brachypodium’s different root zones’ 
schematic characterisation. Division Zone (DZ), Elongation Zone (EZ) and Maturation 
Zone (MZ). 
On the other hand, the study of the AGT requires correlation between biochemical 
factors, e.g. pH and auxin responses, with physical properties, e.g cell wall 
stiffness/elasticity. As explained and according to the theory, an increase of the apoplast 
acidification leads to the cell wall loosening, which should reduce the cell wall stiffness, 
as a consequence, to allow the cell expansion driven by the turgor pressure. Thus, in order 
to gain more insight into the function of auxin in Brachypodium and to better understand 
how it affects cell wall stiffness, we combined genetic, biochemical and mechanical 
experiments in our study. The mechanical properties at the multicellular level of 
Brachypodium roots were extracted both using an extensometer and through micro-
indentation experiments performed with the CFM (See Section 1.4). Importantly, the 
stiffness values obtained from CFM measurements do not only reflect the elastic 
properties of the cell wall but also the turgor pressure (Smith et al., 1998; Wang et al., 2004), 
the cell and the indenter geometry (Bolduc et al., 2006), and the pre-indentation 
mechanical stresses (Zamir and Taber, 2004). For this reason, we will refer to the measured 
stiffness as ‘apparent stiffness’ (Zamir and Taber, 2004). To facilitate seed germination, 
long-term fluorescence imaging and indentation measurements, a microfluidic lab-on-a-
chip device (LOC) was developed and integrated with the CFM. Thus, the causal relation 
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of the different mechanical analysis performed by the extensometer and the CFM, 
together with the auxin activity and the cell wall pH measured with the help of the LOC, 
have been analysed and are essential to understand the AGT. According to our 
preliminary results, we could show that the Bdtar2l mutant’s EZ, known to express more 
auxin (Pacheco-Villalobos et al., 2013), has a lower pH and exhibits smaller apparent 
stiffness than the WT. These results defend that higher auxin levels will increase the cell 
wall loosening due to an increase of cell wall acidification, agreeing therefore with the 
AGT. 
In addition, our preliminary results suggested that the AGT is supported more 
specifically in the EZ where the cells are predisposed to elongate, and not in the MZ 
where they get mature. The apparent stiffness in the MZ was unfortunately not accurately 
measurable by the CFM due to an enormous number of root hairs in the WT. In order to 
correct these artefactual results, we used a mathematical model based on the finite 
element method (FEM) and derived from our extensometer results, to better characterise 
the mechanical parameters that cannot be visualised with the currently used techniques. 
FEMs are used to extract material properties in both engineering and biology, such as 
shear stress, which cannot be measured physically, and have already been shown to be 
useful in cell wall-membrane structure analyses (Moore et al., 1969). Indeed, Vogler and 
colleagues demonstrated that FEM-based models allowed to estimate the elastic modulus 
of the cell wall as well as the turgor pressure of growing pollen tubes (Vogler et al., 2013). 
Thus, in this chapter, we have also used this numerical method to analyse the different 
stresses that the Brachypodium roots are able to withstand when stretched by the 
extensometer. Despite having thinner roots, we realised that the MZ of the Bdtar2l mutant 
can tolerate more shear stresses while showing less elasticity than the WT. 
As all the experiments performed on the EZ of Brachypodium roots support the 
AGT while the analysis performed on the MZ does not, we consider it important to clearly 
identify the different root zones along the longitudinal root axis. This, together with the 
development of adapted mechanophysical and mathematical methods, is the key to the 
proper assessment of the AGT in this specific tissue. 
4.2 Material and Methods 
Cellular Force Microscopy on Roots 
For the purpose of this experiment, the CFM was integrated with an inverted 
optical microscope allowing fluorescence imaging of intracellular reporters while 
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providing high spatial precision and force resolution. The system offers a sub-
microNewton force sensing, with a precise position control (±2 nm resolution) and a large 
travel range (135 mm×85 mm). The ability to measure small displacements during the 
micro-indentations and still be able to scan along the entire specimen is especially crucial 
when measuring centimetre long roots. Forces were measured using a dual-axis 
micromechanical systems (MEMS)-based capacitive force sensor with a flat probe 
(50×50 µm) and a force range of ±1500 µN (FT-S10000; FemtoTools AG). The force sensors 
were mounted on an xyz positioner (SLC-2475-S; Smar-Act) for rough positioning prior 
to the experiment. Coarse positioning of the microscopy sample slide was performed 
with an xy microscope stage (M-687.UO; Physik Instrumente (PI) GmbH & Co.) and the 
fine position control during the experiments was conducted with an xyz piezo stage (P-
563.3CD PIMars; PI). The axes of the piezo stage were controlled by an analog output 
module (NI-9022; National Instruments (NI)) and the forces at and positions of the micro-
indenter were read out with an analog input module (NI9215; NI). Closed-loop control 
of the microindentation was implemented in LabVIEW™ and executed by a real-time 
computer with an integrated field-programmable gate array (FPGA) (NI cRIO9024; NI) 
(Fig. 4.2). 
 
Fig. 4.2: The Cellular Force Microscope (CFM) integrated with an inverted microscope. (A) 
System configuration. (B) Experimental procedure: 1. The xy stage with its large travel 
range is used to find a suitable specimen and then the sensor probe is positioned close to 
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it with the xyz positioner. 2. The sensor probe is driven into the sample using the xyz piezo 
stage with a real-time recording of position and force. (C) Hardware configuration and 
information flow. 
The Root Chip: A Lab-on-a-chip Device for Mechanical Characterisation of Roots 
Fixing the root hairs on a glass slide by hand turned out to be vastly time-
consuming, and to guarantee direct contact with the glass slide for optimal results 
required multiple attempts and root samples. Therefore, we went for a higher throughput 
method with additional upsides. We designed and fabricated a lab-on-a-chip (LOC) 
device to integrate with the CFM for the mechanical characterisation of root hairs (Fig. 
4.3 A). In this LOC, the Brachypodium seeds are placed in the seed reservoir of the chip 
and the growing roots are guided along microchannels with a slightly smaller height than 
the roots’ diameter (Fig. 4.3 B). This guarantees direct contact with the glass slide, which 
is crucial for accurate micro-indentation measurements. Furthermore, this prevents the 
root from growing out of focus, allowing long-term microscopic observation of the entire 
root. Openings along the microchannels offer an easy access to the root with the force 
sensor. An improved second version offers a thicker, elevated seed reservoir to plant the 
seed after germination, whereas the rest of the LOC is thin (∼2 mm), so that the even a 
short force probe can reach and measure the root (Fig. 4.3 C). 
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Fig. 4.3: Lab-on-a-chip Device for Mechanical Characterisation of Brachypodium distachyon 
roots. (A) A germinated Brachypodium seed in the first version of the microfluidic root 
chip integrated with the CFM. (B) Microscopic image of a root growing in the root chip. 
(C) 3D rendering of the improved second version of the root chip. 
Measuring pH in Live Roots Using a Fluorescent pH Indicator 
In order to study the biomechanical factors involved in root growth, the use of the 
new fluorescent pH indicator 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt 
(HPTS) (Barbez et al., 2017) (Fig 4. 4) in Brachypodium roots was established. Since root 
growth is not restricted to one direction, long-term confocal imaging to see the temporal 
changes in pH is challenging. The LOC device developed for the mechanical 
characterisation of roots also facilitates imaging by restricting growth into one direction 
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and keeping the roots in the focal plane. Openings along the microchannels allowed 
external manipulation, for example, for adding dyes. 
For a better understanding of root cell growth, the root was divided into different 
zones according to cell size and the visualised differentiation state, namely the division 
zone (DZ), close to the meristem, the elongation zone (EZ), were the cells start to elongate 
(from ~500 µm to 1 mm from the root tip in the wt, and from ~500 µm to 2 mm from the 
root tip in the Bdtar2l) and the maturation zone (MZ), were the cells start producing root 
hairs (Fig. 4.4 A-C). 
 
Fig. 4.4: E.g. of 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) fluorescent pH 
indicator analysis on wild type roots. (A) Root division zone. (B) Elongation zone. (C) 
Beginning of the Maturation zone where the initial bulges of the root hairs can be 
visualised (white arrowheads). Scale bar, 10 µm. 
The HPTS is a ratiometric pH-sensitive fluorophore from the group of chemicals 
known as arylsulfonates, soluble in water and used as a pH indicator with a pKa of ~7.3. 
Ratiometric indicators are able to shift the peak wavelength of either their excitation or 
emission curve upon binding a ion of interest, permitting a very accurate quantification. 
As a ratiometric or dual-wavelength ion indicators, the HPTS has the ability to 
quantitatively measure extracellular H+ concentrations. Thus, the fluorescent signals for 
the protonated HPTS form (Excitation 405 nm, emission peak 514 nm), as well as the 
deprotonated HPTS form (excitation 458 nm, emission peak, 514 nm) were detected as 
shown in the literature (Barbez et al., 2017; Overly et al., 1995). To obtain a reliable measure 
of the apoplastic pH in Brachypodium roots, we performed a previous in vitro calibration 
of the HPTS dye using MS media that contained buffers adjusted to known pH values 
between 5 and 8 (130 mM KCl, 1 mM MgCl2, 15 mM Mes, 15 mM Hepes, pH 5-9)(Bright 
et al., 1987) on a microscope slide. The 458/405 ratios were then used to plot a calibration 
curve from which a best-fitting regression curve was calculated (Fig. 4.5). Images were 
acquired using a Leica SP5 Laser Scanning Confocal Microscope (LSCM) with a HCX 
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APO L 40×/0.5-W objective and a Leica HyD hybrid detector. Image analysis was 
performed using ImageJ 1.40g software (http://rsb.info.nih.gov/ij), and data were 
statistically evaluated with Microsoft Excel 2016. All experiments were performed in at 
least three biological replications. 
 
Fig. 4.5: In vivo HPTS calibration in medium with pH 5–8. The equation derived from regression 
analysis is shown on top of the graph, which enables pH calculation from the obtained 
458/405 values. 
Uniaxial tension test analysis performed by an extensometer  
Uniaxial tension tests produced by extensometers were used extensively and most 
notably in the discovery of the cell wall modifying protein expansins (McQueen-Mason 
et al., 1992). Thus, following the established experimental methods, we used uniaxial 
tension tests to characterise the mechanical properties of Brachypodium roots in order to 
better understand the physics behind this tissue. As the classical extensometer setup, the 
root was clamped into the extensometer by the root tip, to apply a calibrated tension to 
measure the deformation of the first remaining centimetre (Fig 4.6 A). The elongation of 
the roots in response to this tensile force was then recorded as a stress-strain profile (Fig. 
4.6 B). Subsequently, we calculated the elastic modulus E, which is a measure of stiffness 
and thus a characteristic property of linear elastic materials. E is defined as the ratio of 
stress (force per unit area) and strain (proportional deformation): 
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This way, the biophysical measurements of E, a measure of stiffness, can be 
compared between specimen. 
 
Fig.. 4.6: Uniaxial tension tests. (A) A wild type root under tension by an extensometer. (B) 
Typical stress vs. strain curve recorded from the root shown in (A). 
All the measurements for obtaining the mechanical properties at a nanometric 
scale were performed using an Instron 600DX extensometer model, tracked by the 
BLUEHILL® UNIVERSAL Next Generation Materials Testing Software and recorded by 
a BIC-AF2-Z14 Autofocus Video Microscope Camera. The instrument was used at 2% of 
its capacity to apply maximum forces of 0.5 N. 
Note that, since samples are clamped at the tip, these analyses can only be 
performed for the MZ. 
Finite element method(FEM)-based model on uniaxial tension test 
In parallel, for the FEM analyses, a 1 cm long mesh consisting of a single solid 
inner cylinder (diameter ~100 µm in the WT, ~50 µm in the mutant) perfectly encased in 
a larger hollow outer cylinder (diameter ~500 µm WT, ~350 µm Bdtar2l) was modelled. 
These cylinders represent the inner layers, containing the endodermis and the vascular 
tissues, and outer layers, form by the epidermis and cortex (Vaughan-Hirsch et al., 2018), 
of the Brachypodium roots and were discretised using quadratic brick elements within the 
finite element package, ABAQUS/STANDARD (Simulia, http://www.3ds.com). The 
roots were modelled using the isotropic Saint Venant-Kirchhoff hyperelastic material 
model with the Poisson ratios set to 0.2. The elastic modulus of the inner cylinder and the 
effective elastic modulus of the entire root (both cylinders) were determined 
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experimentally by tensile tests, as explained before. To simulate the yielding behavior of 
the outer cylinder as observed in the experiments, the outer cylinder was divided into 
two separate meshes along its cross section at the centre of the axial axis of the root. The 
upper and lower cross-sectional surfaces (or edges) of these meshes were joined using a 
surface-to-surface constraint which yielded above a threshold value given by the 
experimental measurement of the ultimate tensile strength of the outer cylinder. A tensile 
test was then simulated on the root using a quasi-static model by applying equivalent 
displacement boundary conditions on the top and bottom edges of the root until the outer 
layer yielded. As a result, a sensitivity analysis on the effect of the frictional coefficient 
on the shear stress was measured for the WT and mutant roots. The frictional coefficient 
describes the ratio of the force of friction between two bodies, defined as the force 
resisting the relative motion between two surfaces. Shear stress is defined as the force 
that causes deformation of a material by slippage along the plane parallel to the normal 
stress (Fig. 4.7). 
 
Fig. 4.7: FEM-based Brachypodium root model. FEM-based analysis showing the friction forces 
in MPa on a root after the break of the outer layer while loading. 
Root and Root Chip Preparation for analysis and experimentation 
All the roots were grown after the lemma of mature seeds was carefully peeled off 
with forceps before seed sterilisation in 1 ml of 70 % ethanol per seed for 1 min. After 
ethanol removal, seeds were soaked in a solution of 1.3 % sodium hypochlorite plus one 
drop of Tween-20 (P9416, Merck) per 50 ml for 5 min and afterward rinsed three times 
with sterile deionised water. The sterilised seeds were stratified for 2 days at 4 °C to 
ensure synchronous germination on vertically oriented 10 or 24 cm square plates of half-
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strength Murashige-Skoog (MS) media (2.45 g/L MS salts with vitamins, 1% sucrose, 1% 
agar, pH 5.7, pH 3 and pH 5,7 + 5 µM of Indole-3-acetic acid (IAA), the most common, 
naturally occurring, plant hormone of the auxin) in a growth chamber under continuous 
light with an intensity of 100 µE to 120 µE at 22 °C. For extensometer loadings, roots were 
emerged in half-strength MS liquid media before preparation, to avoid the drying of the 
samples while preparing them. 
LOC devices were loaded with the same media in a concentration of 1 mM for the 
HPTS. MS media was preheated up to 60 °C and filled into the LOC devices, which were 
loaded with a P1000 pipette from one end to the other by letting some liquid escape from 
the small hole at the end of the LOC under the fume hood. Once the medium was 
solidified, plants were transplanted from the surface of the square plates to the seed 
reservoir of the LOC with the root tip facing the guide channel. Plants were grown 
vertically oriented under continuous light with an intensity of 100 µE to 120 µE at 22 °C. 
4.3 Results 
Cells in the EZ of Bdtar2l exhibit stronger elongation compared to the WT 
In order to accurately identify the different zones in the Brachypodium roots, we 
generated different cell size measurements within the first 2 mm of the root from the root 
tip in both the WT and the Bdtar2l mutant. Our measurements demonstrated an increase 
in average cell size from the DZ (~50 µm cell size) to the EZ ( ~100 µm) and the MZ ( 
>150 µm) in both lines fitting with the developmental stages in the root. Furthermore, we 
did not appreciate any significant difference between WT and Bdtar2l in the first 500 µm 
corresponding to the DZ. At ~700 µm, in the EZ, we observed a significant difference in 
cell length between the WT and the mutant as expected. Finally, at a distance of more 
than 1.5 mm from the root tip, our measurements did not show any significant different 
between the WT and the mutant cell length. 
Based on these results, we were able to clearly differentiate the different cell zones 




Fig. 4.8: Different cell size comparison between WT and Bdtar2l mutant when measured 
according to the distance form the tip. Cell size was measured and compared to establish 
the different roots zones. According to our visualisation analyses the DZ is established 
around the fist 500 µm form the tip for both (~50 µm cell size), followed by the EZ ( 
~100 µm) and the MZ ( ≥150 µm). 
The distribution of pH levels in Brachypodium roots supports the AGT 
To validate whether the observed significant difference in EZ cell elongation 
between the WT and the Bdtar2l mutant is correlated with cell wall acidification, we 
performed a pH analysis using the HPTS dye on the different roots zones. The obtained 
intensity ratio results, which correspond to the pH level (low ratio equals low pH and 
vice-versa), showed significant differences (p value <0.05) between the WT and the 
Bdtar2l mutant, in the DZ and more pronounced in the EZ, were the cells rapidly elongate. 
Indeed, in the auxin over-accumulated Bdtar2l mutant, both developmental zones 
exhibited lower pH (~5,8) when compared to the WT’s (~6,5 and ~6 for the DZ and the 
EZ respectively). Together with the significantly longer cells in Bdtar2l, this is in 
agreement with the AGT, which states that cell wall acidification increases cell elongation 
(Fig. 4.9 A-C). 
Concerning the acidification level of the MZ, no significant results (p value = 
0.6932) have been observed, despite a tendency of lower ratio values in the WT (ratio <1) 
compared to the mutant (ratio of 1.1) (Fig. 4.9 C). Furthermore, in relation with the 
developmental zone shift from the DZ to the EZ and from the EZ to the MZ, we did not 
observe a significant pH change neither in the WT nor in the Bdtar2l mutant. These results 
highlight the necessity of using additional measurements such as mechanophysical 
analyses to better understand the current pH results. Nevertheless, the pH measurements 
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confirmed that the examination of root cells by development zones is a good approach to 
evaluate the AGT more accurately. 
 
Fig. 4.9: Ratio-metric comparison of fluorescent pH-indicator HPTS on wild-type (WT) and 
Bdtar2l roots in the different zones. 2D representation of (A) WT and (B) Bdtar2l root in 
black and white, divided into the three different zones (division zone (DZ), elongation zone 
(EZ), and maturation zone (MZ)) together with their corresponding pH values measured 
using the pH indicator HPTS (from acidic pH yellow to basic pH blue colour gradient). 
(C) HPTS ratio-metric analysis in mutant and WT roots. The values were plotted according 
to the distance from the tip and are proportional to pH values. Data were analysed by a 
Student’s t test, considering P ≤ 0.05 as significantly different; data shown are mean ± 
SEM 
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The AGT is supported by reduced stiffness and pH in the EZ of the Bdtar2l mutant  
To see if the observed decrease in pH had an influence on the mechanical 
properties, we used the CFM to measure the apparent stiffness of cells in the different 
root zones both in the WT and the Bdtar2l mutant. The AGT states that an decrease in the 
apoplast pH leads to the cell wall loosening, which, as a consequence, allows the cells to 
expand. Thus, we expected to see a reduction in cell wall stiffness in the EZ of both lines. 
In addition, this effect should be more pronounced in the Bdtar2l mutant. 
We could show that in the WT, the EZ (apparent stiffness = 193.2 N/m) was 
significantly stiffer than the EZ of the Bdtar2l mutant (170.3 N/m), which stipulates that 
an increase in auxin enhances cell wall loosening due to acidification of the cell wall. This 
is in line with our expectations. Furthermore, these results correlate with the HPTS’ 
results, showing that the accumulation of the phytohormone auxin in the EZ acidifies the 
cell wall, leading to a decrease in stiffness in this area and therefore to cell elongation. 
When comparing the MZ of both lines we observed higher apparent stiffness in 
the mutant (apparent stiffness = 187.1 N/m) compared to the WT (142.6 N/m). This 
surprising results might be biased due to the presence of the large amount of root hairs 
in the WT’s MZ, which may interfere with our measurements. Despite this problem, we 
expect that the measurements performed in the MZ of Bdtar2l are accurate due to the 
absence of the long root hairs. Therefore, our results show none significant difference in 
between the EZ and the MZ of the Bdtar2l mutant. Interestingly, these results agree with 
the ones of the HPTS dye, which showed the same acidification levels in both areas. 
Apparently, due to an increase of the auxin levels in the Bdtar2l, the maladjusted 
hormonal growth control has an important effect in the EZ-MZ transition and leads to an 
extended EZ in the mutant. Or, in other words: in Bdtar2l the cells remain longer in the 
EZ, which consequently extends their elongation phase. 
On the other hand, the MZ of the WT (142.6 N/m) showed smaller apparent 
stiffness than its EZ (193.2 N/m). Since difficulties appeared when measuring this zone, 
due the the root hairs, further analyses with a different tool than the CFM are needed in 
this area (Fig. 4. 10). 
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Fig. 4. 10: Stiffness analysis along the root. Differences in apparent stiffness according to 
different zones (EZ vs. MZ) in wild type (WT) and mutant roots. EZ = approx. the first 
millimetre in the wt, 2 mm in the Bdtar2l, MZ=from the EZ up to 3 mm. Data were analysed 
by one-way ANOVA followed by Tukey’s test as post hoc; n= 18-24 with 8-10 technical 
replicates by zone. ∗p <0.05; ∗∗p <0.01; ∗∗∗p <0.001; ns, no significant. Boxplot shows 
1st and 3rd quartiles (box), median (thick line) and the most dispersed values within 1.5 
times the interquartile range (whiskers). 
The AGT stipulates that the cell wall acidification, due to the auxin expression, is 
the principal cause of the cell wall loosening. According to our previous results, we 
already correlated the cell wall loosening with the reduction of the cell wall stiffness. So, 
in order to validate that the high concentration of auxin and the cell wall acidification 
correlate directly with a decrease in the cell wall stiffness, we measured this mechanical 
property on different roots treated either by low pH or by external application of auxin 
at high concentration. 
As expected, a related effect can be observed when growing WT and Bdtar2l roots 
either at low pH or at high concentrations of IAA (Fig. 4.11 A-B). According to our results, 
in both cases the WT’s EZ shows a similar significant reduction of the apparent stiffness 
(~90 N/m) when compared to the untreated control (142.6 N/m). Furthermore, the same 
response can be observed in the Bdtar2l mutant’s EZ (187.1 N/m) when it is growth at 
pH 3 (apparent stiffness = 107.6 N/m), supporting therefore the AGT (Fig. 4.11 A). 
However, the MZ of both plants’ roots seems not to be affected neither to a decrease of 
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pH nor an increase of IAA. Interestingly, our results don’t show any significant difference 
in the apparent stiffness in this area, which fits with the HPTS ratio-metric analysis, and 
suggest therefore the idea that only the cells which are in the EZ, are predisposed to 
elongate since they react to both treatments (Fig. 4.11 B). 
 
Uniaxial tension tests show higher elasticity in WT’s MZ in accordance with the preliminary 
results obtained by the CFM 
Due to the lack of reliable apparent stiffness measurements in the MZ of the WT, 
uniaxial tension tests performed by an extensometer, were used to compare the 
mechanical properties of WT and Bdtar2l roots in this zone. The CFM and extensometer 
provide different mechanical information since they operate at different scales, however, 
both techniques are useful to characterise linked mechanical parameters. From a general 
point of view, the mechanical properties describe how a material (Brachypodium roots in 
our case) deforms when a force is applied. In contraposition with the micro indentation 
experiments already performed, which apply local known forces to measure the local 
specific stiffness after a deformation, the classical uniaxial tension test setup involves 
clamping a known length of a sample (first cm of the MZ) for then applying a calibrated 
tension. This tension generates a deformation that is measured in order to obtain the 
elastic modulus E (Young’s modulus). This way, the uniaxial tensile test formally 
describes the relationship between stress (force/cross sectional area) and strain (relative 
change in length), thus the stress-strain pattern can be used to characterise a different but 
related description of the micro-mechanical properties already acquired by the CFM. 
Therefore, according with the uniaxial tension test, the elongation of the root in 
response to a tensile force was recorded as a stress-strain profile, from which the E 
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modulus was calculated and then compared between the different lines. This analysis 
showed a significantly higher E value for the Bdtar2l mutant (45.3 MPa) than for the WT 
(37.3 MPa) in the MZ, revealing a higher elasticity in the WT, which is in agreement with 
the CFM data, therefore validating both techniques reciprocally despite the artefactual 
values obtained with the CFM due to the root hairs (Fig. 4.12 A-B). 
Furthermore, in order to better understand how the diameter of the different roots 
and the properties of the different layers affected the previously obtained experimental 
results from the entire root (both layers), we decided to measure the inner cylinder of the 
Brachypodium roots, which is protected by the endodermis and known to be formed by 
the vascular tissues. As expected, when comparing the E modulus of the WT (158.5 MPa) 
and the Bdtar2l (311.5 MPa) of the inner cylinders, the results were similar to those when 
the entire root was pulled. Thus, the higher elastic modulus of the Bdtar2l mutant 
suggests that —assuming same turgor pressure— the diameter should be lower, which 
is what we see in the experiments. 
 
Fig. 4. 12: E modulus comparison of wild-type (WT) and Bdtar2l roots’ MZ of the entire root 
(both cylinders) and the inner cylinder. (A) WT and Bdtar2l roots elastic modulus 
comparison. (B) Table with the E modulus results and the statistical analysis for the entire 
root (both cylinders) and the inner cylinder of WT and Bdtar2l. Data were analysed by 
one-way ANOVA followed by Tukey’s test as post hoc; ∗p <0.05; ∗∗p <0.01; ∗∗∗p <0.001. 
In order to better study the interaction between the inner and outer cylinders we 
made a FEM based model to estimate the shear stresses for a range of frictional 
coefficients. The results showed that higher load resistance in the mutant is associated 
with a lower elasticity, which can influenced the root geometry and shape. Indeed, a 
difference in deformation pattern was observed between the WT and the mutant roots 
while the pulling forces were applied, with the WT being more elastic. Thus, the FEM 
model shows a 5% higher shear stress for the same frictional coefficient, that acts to resist 
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the motion between the inner and out cylinders, in the Bdtar2l mutant when compared to 
wild type. Higher shear stress means higher resistance to loading due to the geometry of 
the MZ of the Bdtar2l mutant, which contains a significant reduced diameter and longer 
root cells. (Fig. 4.13). 
 
Fig. 4. 13: Shear stress comparison between the WT and Bdtar2l. The different outer and inner 
tissue layers’s share forces compared under the same friction analysis. FEM model output 
based on data presented in Fig 4.12. 
4.4 Discussion and Conclusion 
With this study we could show that the AGT can be validated in the EZ of 
Brachypodium roots by using a remarkable segmentation approach together with the 
mechanical characterisation and the fluorescent imaging. Until now, the AGT was poorly 
understood in root cells due to controversial studies and the lack of suitable methods. 
Thus, a significant part of this work has been to develop and optimise new approaches 
to better comprehend this concept. We combined a CFM approach with a tensile test 
analysis, in order to correlate the change in cell growth to a pH gradient while measuring 
the mechanical properties of the cell wall. Tensile tests performed by extensometers have 
already been shown to be useful in the discovery of the cell wall modifying protein 
expansin in the last century (McQueen-Mason et al., 1992). But now, combined with FEM-
based modelling, they helped us to better understand the different stresses occurring in 
the roots under different conditions. Therefore, the new tools we developed, in 
combination with those already established, and the precise characterisation of root 
developmental zones, may allow to standardise root growth analysis, which may provide 
a better understanding of the AGT. Indeed, the root segmentation by a zone parameter 
has been already described in many important crops, such as wheat (Li et al., 2019), maize 
(Moreno-Ortega et al., 2017) and barley (Sarabia et al., 2020). In addition, we can easily 
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imagine that this method could also be applied to other longitudinally organised plant 
organs such as lateral roots, some monocot leaves and/or internodes in the future. 
As explained, according to our results, we could validate the AGT in the EZ. The 
mutant’s EZ, expressing more auxin, having a lower pH according to the HPTS, and 
becoming softer, supports the idea behind the AGT; an increase of auxin leads to an 
increase in cell wall loosening due to a reduction in pH as observed also in our analyses 
and when applying high concentrations of auxin externally. Therefore, the decrease in 
stiffness, due to both the effect of the expansin activity and a de-methyl-esterification of 
pectin prior to organ outgrowth, is driven by the increase of auxin (Braybrook and 
Peaucelle, 2013; Hocq et al., 2017). Contrarily, we realised that in WT roots the EZ is stiffer 
than the MZ, in contrast to our expectations since according to the AGT, the cell which 
elongate increases the cell wall loosening and thus, should be less stiff. However, as 
explained, the MZ contains larger amount of root hairs than the EZ, which may affect the 
compression experiments by falsely suggesting softer cells in this part of the root. 
When examining the Bdtar2l mutant, we found no significant difference in either 
pH or stiffness measurements between the EZ and the MZ , revealing a very conserved 
phenotype of long cells. The nonsignificant difference between these two zones may be 
explained by the absence of a strong decrease in auxin concentration in the MZ. A 
consequence of this phenomenon could be that the cells remain in the developmental 
program for elongation for a longer time, which leads to thinner roots with only few root 
hairs (Pacheco-Villalobos et al., 2013). 
We were again confronted with the same problem of long root hairs in the WT 
when we compared the MZ of WT and Bdtar2l with the CFM approach. Therefore, we 
could not take the obtained results as granted and we performed additional analysis 
using an extensometer to avoid any interference in the data measurements. According to 
our results and as expected due the thicker cells of the WT’s MZ, the uniaxial tension tests 
showed more elastic roots than the Bdtar2l’s. However, we showed in parallel that the 
MZ is not affected by the external low pH and high auxin concentration application and, 
therefore, confirm a relationship absence with the AGT. Thus, this may suggest that just 
the cells in the EZ are the only ones predisposed to elongation because they are affected 
by the increase in auxin levels. 
To summarise, according to our preliminary results, we could show that higher 
expression of auxin decreases the pH and consequently increases the cell wall elasticity 
by cell wall loosening in the elongating cells. This cell wall loosening may have to 
continue or even increase to reach the MZ, where cells will expand to start producing 
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root hairs for better nutrient uptake (Bates and LYNCH, 1996; Gilroy and Jones, 2000). At 
this stage different key genes involved in the modulation of auxin levels will get 
expressed, allowing the cells to stop their growth and get mature (Birnbaum et al., 2003; 
Kyndt et al., 2012; Moubayidin et al., 2013). In the mutant, regulation of root cell growth is 
maladjusted and has an important effect in the EZ-MZ transition, maintaining a constant 
stiffness along the root, as well as higher shear stresses between the inner and outer 
cylinders when the root is pulled. Thus, the cell wall’s stronger rigidity in the mutant MZ 
may constrain the cells to keep elongating and prevent them from expanding. As a 
consequence, only some softer cells will mature and produce root hairs. Still, most of the 
biological systems are analogous to the chicken and the egg paradigm; thus, the question 
whether cell elongation occurs due to cell wall softening in the EZ, or due to an increase 
of rigidity of the apoplast downstream in the cell lineage, i.e. in the MZ, remains open 
and requires further investigation. 
Even-though our system helps in the better comprehension of the AGT, the broad 
spread of different phenotypes observed in WT and mutant roots requires a larger data 
set to formulate well-founded statements. To clear up the inconsistencies between the EZ-
MZ, the pH has to be measured concomitantly with the cellular apparent stiffness and 
the elongation rate, together with the local IAA levels measured by synthetic promoter 
DR5 reporter system, for example (Chen et al., 2013; Gallavotti et al., 2008). Furthermore, 
according to our zone segmentation, it would be important to specifically asses the full 
transcriptomic, metabolic and proteomic profiles of the individual zones to better 
understand the discrepancies in between the different areas. Such experiments provided 
already interesting information about zone-specific protein expression in wheat roots (Li 
et al., 2019) or transcriptome gradients in barley roots, where in the latter Hill et all. 
revealed even root-zone-specific responses to salt exposure (Hill et al., 2016). 
Unfortunately, according to our mechanophysical analyses, the CFM appears not 
to be the ideal tool to characterise root cells individually in the MZ since the large number 
of root hairs, especially in the WT, may influence the measurements and lead to artefacts. 
Furthermore, the uniaxial tension tests, that have been proven to be suitable in the MZ, 
are not able to provide the elasticity in the EZ, since this area gets clamped and provides 
just the mechanical properties of the rest first centimetre length of the root, the MZ. 
Hence, parallel analyses with the Automated Confocal Micro-Extensometer, for example, 
which has been shown to enable in vivo quantification of mechanical properties with 
cellular resolution in Arabidopsis (Robinson et al., 2017), could provide us with more 
accurate sub-cellular data in the future. A future in which more precise pH apoplastic 
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sensors and subcellular auxin reporters for our model plant may be developed and will 
allow us, together with the already established CFM, to create spatially better resolved 
stiffness and elongation maps in Brachypodium roots. 
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5 Chapter 5 - General discussion and future perspectives 
All findings presented in this thesis are discussed in detail at the end of each 
chapter. This section will attempt to summarise the most important findings and put the 
results into a bigger context in order to discuss some open questions and future 
perspectives. 
Arabidopsis and Brachypodium models: a perfect combination for understanding the 
AGT and its universal applicability 
Arabidopsis thaliana has served as a plant model system for more than 40 years and 
is widely considered the preeminent model plant (Koornneef and Meinke, 2010; Krämer, 
2015). The well characterised developmental processes, involving the different, well 
described cell types, helped us to better understand at what level the Acid Growth Theory 
can explain cell elongation. As discussed in Chapter 1, the Arabidopsis pollen tube is a 
widely used model ideally suited to study cellular processes underlying polarised cell 
growth. The observed apical expansion makes pollen tubes the perfect system to 
comprehend the fine-tuned deposition of plasma membrane and cell wall components 
during cell elongation generated by the interplay between the expansive force of turgor 
pressure and the controlled loosening of the cell wall, which is thought to be induced by 
a reduction of the cell wall’s pH. Therefore, to avoid a cellular burst, the balance between 
the turgor-driven expansion and the cell wall synthesis is principally controlled by some 
plasma membrane-located receptors which belong to the cell wall integrity (CWI) 
signalling pathway. In 2014, Haruta and colleagues showed that FER, one of the main 
actors of the CWI pathway, was able to bind RALF1, which leads to the inhibition of 
plasma membrane H+-ATPase activity, which in turn increases the apoplastic pH. They 
also showed that the addition of RALF1 peptide correlates to an immediate arrest of root 
growth, which is consistent with the dogma of the Acid Growth Theory (Haruta et al., 
2014). Thus, the study of these peptides has become essential to understand how the AGT 
controls cell growth. 
On the other hand, a second system was used to understand AGT at the 
multicellular level; the root of Brachypodium distachyon. As explained, Brachypodium is a 
fairly new plant model which has has developed into a viable model system to study 
biological issues relevant to grasses and hence to a whole range of important crops 
(Brkljacic et al., 2011). More specifically, for our purpose, it has become essential for 
understanding the still controversial AGT. To this end, we took advantage of an allelic 
mutant in a key auxin biosynthetic gene, BdTAR2L, which produce higher levels of auxin 
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specifically in the root cell elongation zone (Pacheco-Villalobos et al., 2013). As we 
showed, this promotes cell elongation is associated to an increase of acidification, which 
together with an increase of the cell wall loosening leads to a decrease in cell wall stiffness 
and produces longer root cells as a consequence. Thus, the use of both models provided 
us with a wider overview to understand the AGT’s universal applicability and becomes 
an excellent system to study at what degree the AGT can explain cell elongation both at 
cellular and multicellular level. 
RALF4/19 peptides interact with LRX proteins to control pollen tube growth in 
Arabidopsis 
The pollen tubes of Arabidopsis allowed us to study cell wall modifications at the 
single cell level, while focusing on the different protein interactions that are involved in 
the adaptation of cell wall loosening. As shown in Chapter 2, RALF peptides interact with 
LRX proteins to control cell growth and are required to activate the CrRLK1L-mediated 
signal transduction pathway to regulate pollen tube development in Arabidopsis (Mecchia 
et al., 2017). The RALF-CrRLK1L module and some of the components working up- and 
downstream of the RLK are conserved in many other processes like the establishment of 
cell morphology, defense against pathogen attacks and abiotic stress responses (Dünser 
et al., 2019; Stegmann et al., 2017; Yang et al., 2015). All this is achieved through the 
coordination of many intracellular pathways, which subsequently regulate H+, Ca2+, and 
ROS levels both in the cytosol and the apoplast to modulate the cell wall integrity in 
response (Thor, 2019; Vogler et al., 2019; Voxeur and Höfte, 2016). 
In order to understand how the H+ concentration in the cell wall affects the 
different players of the CWI pathway, we generated different binding affinities’ 
experiments of RALF peptides with crystallised LRX and CrRLK1L/LLGs membrane 
proteins in acidic and alkaline conditions (Chapter 3). Our latest binding data between 
RALFs and its different receptors, together with the results of previous studies (Ge et al., 
2017; Gonneau et al., 2018; Mecchia et al., 2017), suggest that CWI pathway could be 
additionally regulated by pH fluctuations in the cell wall (Höfte and Voxeur, 2017; 
Moussu et al., 2020). Altogether, these findings suggest that RALFs have the capacity to 
instruct different signalling proteins to coordinate cell wall remodelling during cell 
elongation according to the pH. Both our structural and physiological experiments 
support that folded rather than linear RALF peptides represent the bioactive ligands for 
both LRX and CrRLK1L/LLG (Moussu et al., 2020; Xiao et al., 2019). So, after this RALF 
expression, we defend that RALF peptides may bind to LRX in a fully folded oxidised 
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state preferentially. However, in response to a changing cell-wall environment, they may 
acquire a reduced linearised state to join different receptors, like CrRLK1Ls. RALF alters 
the activity of plasma membrane H+-ATPases, Ca2+ concentration and ROS expression, 
which may indirectly affect different proteins involved in regulating cell elongation like 
other RLKs, for example. However, this hypothesis is still under investigation. 
The role of auxin for the CWI maintenance during plant cell growth needs further 
examination 
According to the AGT, auxin promotes cell elongation by cell wall acidification 
and the induction of cell wall remodelling enzymes (McQueen-Mason et al., 1992) 
,(Cosgrove, 2000; Majda and Robert, 2018). Although this phenomenon reminds 
controversial and not well defined yet, auxin’s intracellular functionality and regulation 
is well characterised. The nuclear auxin pathway (NAP) is the machinery that controls 
auxin gene expression (Pierre-Jerome et al., 2014). Without auxin, the transcriptional 
functions of the auxin response factors (ARF) are inhibited by union with the Aux/IAA 
proteins through heterodimerization (Li et al., 2016). When auxin enters the nucleus, this 
union gets uncoupled, and Aux/IAAs are bound by the SCF-type ubiquitin protein ligase 
complexes (Weijers and Wagner, 2016), leading to their subsequent degradation. The 
liberated ARF transcription factors can now modulate auxin-related gene expression via 
its DNA binding domain (Paque and Weijers, 2016). 
In 2010, Duan and colleagues showed that the CrRLK1L FER functions in a 
RAC/ROP signaling pathway and mediates the auxin-regulated root hair development, 
as explained (Duan et al., 2010). But, 10 years later, and despite the well known 
characterisation of IAA’s intracellular functionality, a real interconnection between 
auxin-induced gene expression and the cell wall integrity pathway is still missing. 
However, in 2018, Schoenaers et al. were able to show that plasma membrane-associated 
protein ERULUS (ERU), a new CrRLK1L family member, is an auxin-induced Arabidopsis 
receptor-like kinase whose expression is directly regulated by ARF7 and ARF19 
transcription factors (Schoenaers et al., 2018). Furthermore, ERU regulates cell wall 
composition at the tip of apically growing cells and modulates pectin dynamics through 
negative control of pectin methylesterase (PME) activity depending on Ca2+ 
concentrations (Schoenaers et al., 2017). So, either expressed in roots or in pollen tubes, 
ERU connects the auxin and the CWI pathways. While the interaction of IAA with ERU 
has been well explained, the connection with other members of the CWI pathway is still 
missing and needs further investigation. So far, nothing is known about interaction 
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between ERU and other members of the CrRLK1L protein family, such as FER, ANX or 
THE, for example. Does ERU interact with RALF or the RALF-CrRLK1L module? Does 
the auxin-induced ERU contribute to the strong interaction between RALF and LRX 
through the induction of other proteins? These are just some examples of open questions, 
which may hopefully be answered in the near future. 
Brachypodium roots as a tissue model for investigating cell growth and 
phytohormone interaction 
The importance of having a model organism to better understand cell expansion 
becomes obvious from the example of the heavily debated acid growth in roots when 
compared to the well established and documented acid growth theory in plant shoots 
(Fendrych et al., 2016; Rayle and Cleland, 1970; Spartz et al., 2014; Takahashi et al., 2012). As 
explained, a scientific report using the HPTS pH marker for subcellular monitoring of the 
apoplastic pH distribution, showed that acidification is promoted by auxin in Arabidopsis 
(Barbez et al., 2017). In the case of Brachypodium roots, however, cell elongation was more 
associated with alkalisation (Pacheco-Villalobos et al., 2016). So far, these discrepancies 
could have been due to spatial, temporal or species-specific differences. Thanks to our 
work we demonstrated that these disagreements could be solved by a standardised and 
accurate approach for the different root zone identification. When the WT’s and Bdtar2l’s 
EZs are compared, the resulting apparent stiffness decreases due to a cell wall 
acidification, supporting the AGT in this area. Furthermore, related to the differences 
between species, it has been shown several times that the auxin pathway interacts with 
ethylene, but this fact might differ substantially in Brachypodium. On one hand, auxin 
upregulates AMINOCYCLOPROPANE-1-CARBOXYLATE (ACC) SYNTHASE, an 
enzyme that catalyses the synthesis of ACC, the precursor of ethylene (Abel et al., 1995). 
On the other hand, ethylene can influence the expression of TAR and YUCCA genes both 
in Arabidopsis and Brachypodium (Pacheco-Villalobos et al., 2013; Stepanova et al., 2008; 
Won et al., 2011). It was shown that TAA/TAR is involved in the auxin biosynthesis 
pathway in both plants. However, while in Arabidopsis the down-regulation of TAA1 
reduces the amount of auxin and therefore root growth is impaired (Stepanova et al., 2008; 
Tao et al., 2008), the Bdtar2l mutant has an increased root length and displays increased 
auxin levels. According to Pacheco-Villalobos et al., in the Bdtar2l mutant both root 
phenotype and auxin levels, could be restored by the addition of the ethylene precursor 
ACC. Surprisingly, this was not due to a change in BdTAR2L expression, but rather to the 
fact that the ACC-treated roots displayed reduced levels of YUCCA expression, the last 
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enzyme involved in tryptophan-dependent auxin biosynthesis (Pacheco-Villalobos et al., 
2013) (Fig. 5.1 A). As, ethylene is linked to the auxin biosynthesis intermediate IPA via 
VAS1-like enzymes (Pacheco-Villalobos et al., 2016; Zheng et al., 2013), lower levels of IPA 
in Bdtar2l mutants result in lower levels of ethylene. Thus, it was postulated that the 
decease of ethylene de-represses the rate-limiting YUCCA step in auxin biosynthesis and 
results in higher levels of auxin as long as BdTAR2L expression does not drop below a 
certain threshold (Pacheco-Villalobos et al., 2013) (Fig. 5.1 B). 
 
Fig. 5. 1: Auxin-ethylene crosstalk model proposed by Pacheco-Villalobos et al. in 2013. 
Ethylene promotes YUCCA expression in Arabidopsis (A), while it suppresses YUCCA in 
Brachypodium (B). Adapted from (Pacheco-Villalobos et al., 2013). 
Interestingly, many experiments have shown that correct auxin effluxes are crucial 
for normal root development, which is inhibited by the addition of external auxin 
(Hobbie and Estelle, 1995; Ivanchenko et al., 2008; Marchant et al., 1999; Swarup et al., 2001; 
Yu et al., 2015). Furthermore, general root growth inhibition is coupled with an increase 
in ethylene levels both in Arabidopsis and rice, a closer relative to Brachypodium (Iqbal et 
al., 2017; Juan Li et al., 2015; Růzicka et al., 2007; Vaseva et al., 2018). In the case of rice, 
however, it was concluded that the auxin-induced inhibition of root growth was not 
directly caused by the expression of ethylene, but rather that the roots needed a certain 
level of ethylene to cope with auxin to maintain the seminal root growth (Yin et al., 2011). 
In addition, in 2014, Ma et al. also showed in rice that ethylene inhibits root growth 
largely through ABA function (Ma et al., 2014), in contraposition to what was observed in 
Arabidopsis (Beaudoin et al., 2000; Cheng et al., 2009; Ghassemian et al., 2000). Therefore, the 
study of the auxin-ethylene crosstalk, their gradient-interaction with the other 
phytohormones in the different plants models and how this affects cell wall acidification 
may provide deeper insights into the general validity of the AGT. 
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Cytomechanics: the comeback of the forgotten approach  
Plant biomechanics is a field of research that not only combines physics, 
engineering, mathematics, and chemistry with botany and forestry science, but also 
includes diverse aspects of plant physiology, cell biology, biochemistry, ecology, as well 
as developmental and molecular biology. During cell growth and differentiation, plant 
cells increase in size to form different tissues. These growth and shape changes involve 
the stretching and deformation of cell wall material whose mechanical properties in turn 
control the process (Bidhendi and Geitmann, 2018). Thus, the integration of biochemical 
and biomechanical signaling processes becomes crucial for many developmental steps as 
it allows cells to coordinate their behaviour. While a wealth of information is available 
about the signaling processes associated with biochemical hints, knowledge of the 
molecular underpinnings of the perception and processing of biomechanical cues is only 
emerging. 
Biomechanical studies aim to understand the relationship between the mechanical 
properties of biological structures and their function. In cytomechanical investigations, 
this approach is brought down to the scale of cells and subcellular structures. As 
explained, in plant cells the interactions between turgor pressure, the cell wall, and the 
cytoskeleton are considered of primary importance. Until now, plenty of research 
publications made use of cytomechanics analyses to better understand plant’s behaviour 
in plenty of different fields and species. For instance, Vogler et al. helped to resolve some 
still open questions in plant sexual reproduction by the characterisation of cell wall 
stiffness of lily and Arabidopsis pollen tubes (Fabrice et al., 2018; Vogler et al., 2013). 
Furthermore, in order to provide a comprehensive insight of work input, energy storage 
and release in plants, cytomechanical studies also helped in the breaking down of the 
hunting mechanism of the carnivorous Venus flytrap (Dionaea muscipula) (Burri et al., 
2019). Finally, to explore the relationship between genetics and cell expansion during 
germination of the mature Arabidopsis embryo, different mathematical models have been 
produced providing therefore novel considerable information in plant development 
(Montenegro-Johnson et al., 2015). These are just some examples of the broad use that 
plant biomechanics can bring to complex biological studies. Following the principle of 
the presented multidisciplinary works, which take in account that to investigate the plant 
mechanical forces is essential to better understand questions related with plant 
development, we could show that the different mechanical parameters play an important 
role in the cell wall elongation and that this is specially influenced by the pH of the cell 
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wall. Through this thesis, we provided an integration of biological studies with 
engineering technology and physical and mathematical modelling, to show their strong 
value to better understand the cell elongation through AGT. Indeed, the results obtained 
in the root model, combining mechanical characterisation together with fluorescent 
imaging, allowed us to get a novel preliminary insights into the growth regulation of 
Brachypodium roots and to confirm the acid growth in this tissue. 
AGT, what is next? 
Despite the good combination of the two plant models in this study, the challenges 
faced during this interdisciplinary project sparkled up the necessity to develop new 
mutant lines in order to merge the different conclusion obtained when the models were 
studied independently. Mutants of FER, RALF and LRX in Brachypodium would allow a 
direct comparison of the effects of these proteins between the Brachypodium and 
Arabidopsis roots. The different derived phenotypes could be easily characterised by the 
use of the LOC device, which would allow us, in parallel, to properly track and analyse 
the effect of the addition of the RALF synthetic peptides during the different 
developmental stages of the Brachypodium roots. The effects of these mutants and the 
addition of external RALF peptides on auxin levels in both the WT and the Bdtar2l mutant 
will help to better understand the AGT. On the other hand, the study of the different 
phytohormones in the different plant models and how they affect the cell wall 
acidification specifically must be performed. Thus, the generation of mutants for specific 
key genes involved in the biosynthesis of the different phytohormones together with their 
external addition and the analysis of the different lines proposed, grown under different 
pH conditions, may be the solution to better understand the AGT from a much broader 
point of view. 
According to our work, the development of new tools for mechanical 
characterisations at the micro-scale and the new imaging techniques developed, helped 
us to provide deeper information about the AGT. However, it is appreciable that further 
experiments are needed to clarify the real role of auxin and the pH according to our study. 
To this end, a higher application of a combination of genetic, physiological, biochemical, 
and biophysical approaches for comparative tests of WT and Bdtar21 mutants are 
required. Therefore, it is essential to measure the pH of the WT and the Bdtar2l mutants 
under the different conditions already applied like acidic pH (pH 3) and hight 
concentration of IAA. Furthermore, new lines with the already explained DR5-auxin 
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reporter system together with new genetically encoded pH probes, like the novo pH-
Lemon, for example, a fluorescent protein-based pH reporter already shown to be useful 
for acidic compartments (Burgstaller et al., 2019), can provide with a deeper perception of 
the specific function of auxin in vivo to analyse the AGT in a more defined manner. 
Indeed, it would be interesting to cross these lines with the already existing Bdtar2l, to 
analyse their response under the application of different CFM’s compression forces. This 
experiment would help to acquire a better knowledge of the intracellular auxin 
expression under tension and to know how the resultant cell wall pH variation can affect 
the cell wall loosening in a more specific and precise manner. Finally, to fully answer the 
still open question whether the AGT is absolute or not in the Brachypodium roots, it will 
be necessary to obtain a bigger comprehensive data set involving more morphological 
analyses, steady-state transcriptome, cell wall composition, proton pump activity, and 
cell wall elasticity of the different mutants’ elongating cells. Altogether, this will allow us 
to establish causal links between all these parameters and the auxin activity to deliver a 
final and conclusive proof of the AGT’s applicability to both tissue and single cell 
elongation. Even if the project seems too ambitious, there are still plenty of questions to 
resolve, nevertheless our results can always be a good base for further studies. 
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6 Chapter 6 - Appendix 
6.1 Introduction 
As more members of the ‘RALF-FER artery’ are being discovered while writing 
this thesis, it is important to summarise all the different players known till the date for 
the CWI maintenance in tip-growing plant cells. So, the next chapter is a perfect 
actualised review which touch the rest of the main characters of this interesting route. 
This remains entirely important since, as the reader has already realised and can compare 
bellow, the RALF-CrRLK1L module and some of the components working up- and 
downstream are conserved in many other developmental and physiological signaling 
processes. Furthermore, in addition to this, chapters 2 and 3’s supplemental material can 
be also found to close an interesting travel which has taken me the 5 years of my research 
career in order to help in the better understanding of the total comprehension of the AGT. 
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